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Abstract A change in atmospheric aerosol particles, especially cloud condensation
nuclei (CCN) and ice-nucleating particles (INPs), is bound to impact cloud properties,
precipitation and cloud radiative effects.
In this thesis, two field campaigns were carried out in two representative locations,
i.e. the anthropogenic polluted environment at Cyprus and the marine-dust intersect
environment at Cabo Verde (a.k.a. Cape Verde) to understand the role of CCN and
INPs over the tropical and subtropical regions in the northern hemisphere. On-line
aerosol physical measurements were performed and samples from different environ-
mental compartments were examined with respect to INPs: the oceanic sea surface
microlayer (SML), underlying water (ULW), cloud water and atmospheric filters.
Both measurement sites differ in aerosol properties, such as particle number size
distribution, CCN and INP concentrations and CCN-derived particle hygroscopicity,
due to different environment backgrounds and air mass origins.
Aerosol particles at Cyprus were dominated by anthropogenic pollution, with small
contributions of sea spray aerosol (SSA) and mineral dust. Particle aging process
were observed through changes in CCN-derived particle hygroscopicity. New particle
formation events with subsequent growth of the particles into the CCN size range
were observed. INPs mainly originated from long-range transport. And anthro-
pogenic pollution were found to be inefficient INPs at temperature range >−25 ◦C.
However, aerosol particles at Cabo Verde featured a marine background with in-
trusions of dust. Dust and marine aerosols featured clearly different PNSDs. CCN
number concentration at a supersaturation of 0.30% during the strongest observed
dust periods was about 2.5 times higher than during marine periods. However,
the CCN-derived hygroscopicity for marine and dust periods shows no significant
difference. INPs at Cabo Verde were mainly in the supermicron size range, with a
large contribution of biological particles. When comparing atmospheric INP num-
ber concentration to those found in seawater, it can be concluded that SSA only
contributed a minor fraction to the atmospheric INP population.
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Referat Veränderungen im atmosphärischen Aerosol, speziell bei Wolkenkondensa-
tionskernen (CCN) und eisnukleierenden Partikeln (INPs), haben Auswirkungen auf
Wolkeneigenschaften wie Niederschlagsbildung und Strahlung.
Für die hier vorgelegte Arbeit wurden zwei Feldmesskampagnen durchgeführt, im
anthropogen verschmutzten Zypern und auf Cabo Verde (alias Kap Verde), einer
Schnittstelle zwischen Meer und Wüste. Ziel war es, die Rolle von CCN und INPs
in den tropischen und subtropischen Regionen der nördlichen Hemisphäre besser
zu verstehen. Es wurden aerosol-physikalische online Messungen durchgeführt und
verschiedene Proben auf INPs hin untersucht: die Meeresoberflächen-Mikroschicht
(SML), das darunter liegende Wasser (ULW), das Wolkenwasser und atmosphärische
Filter.
Die beiden verschiedenen Orte an denen die Messkampagnen stattfanden unter-
scheiden sich in den Aerosoleigenschaften wie z.B. Partikelanzahlgrößenverteilung
(PNSD), CCN- und INP-Konzentration und der von CCN abgeleiteten Partikelhy-
groskopizität. Grund hierfür sind Unterschiede in der Umgebung und der Luft-
massenherkunft.
Die Aerosolpartikel auf Zypern wurden von anthropogener Verschmutzung dominiert,
mit kleinen Beiträgen von Partikeln aus Meeres-Gischt (SSA) und Mineralstaub.
Partikelalterung ging einher mit einer Veränderung der Hygroskopizität der CCN.
Partikelneubildung wurde beobachtet, mit anschließendem Wachstum der Partikel
bis in den CCN-Größenbereich. INPs stammen hauptsächlich aus Ferntransport,
und Partikel aus anthropogener Verschmutzung waren ineffiziente INPs im Temper-
aturbereich >−25 ◦C.
Das Aerosol in Cabo Verde speiste sich sowohl aus marinen Quellen als auch aus
Wüstenstaub. Staub und marines Aerosol wiesen sehr verschiedene PNSDs auf.
Die CCN-Anzahlkonzentration bei 0,30% Übersättigung war während der stärksten
Staubperioden etwa 2,5 Mal höher als während der marinen Perioden. Die aus
CCN abgeleitete Hygroskopizität zeigte jedoch keinen signifikanten Unterschied für
marine und Staubperioden. Die INPs in Cabo Verde waren zum Großteil größer als
ein Mikrometer, und waren zum Großteil biogenen Ursprungs. Aus dem Vergleich
der atmosphärischen INP-Anzahlkonzentration mit der im Meerwasser gefunde-
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One of the most interesting features of Earth are the ever-changing clouds. Clouds
have an enormous influence on Earth’s energy balance, climate, and weather. Aerosol
particles, clouds and their interactions in the climate system contribute to the largest
uncertainties in estimating the Earth’s energy budget [1].
Clouds in the atmosphere form when water vapor condenses on aerosol particles that
serve as cloud condensation nuclei (CCN). Back in the 1970s, Twomey [2] described
that an increase in the number of aerosol particles that activate to cloud droplets
lead to more but smaller droplets. Albrecht [3] suggested that smaller droplets then
cause suppression in the formation of precipitation, leading to a prolonged cloud
lifetime. Both of these effects enhance the shortwave reflection of clouds, i.e., they
lead to a cooling of the atmosphere. In particular, warm low-level clouds located
in the boundary layer significantly contribute to the cooling effects due to their
abundance and strong cloud albedo effect [4].
Ice crystals in the atmosphere can be formed either via homogeneous nucleation
below −38 ◦C or via heterogeneous nucleation aided by aerosol particles known as
ice-nucleating particles (INPs) at any temperatures below 0 ◦C. Immersion freezing
refers to the process when an INP becomes immersed in an aqueous solution e.g.,
through the process of cloud droplet activation [5]. Immersion freezing is suggested
to be the most important freezing process for mixed phase clouds [6, 7].
The impact of aerosol particles on clouds, climate and global radiative forcing is
mainly determined by their physical and chemical properties. The abundance, prop-
erties and sources of aerosol particles depend on location. Important constituents
of the atmospheric aerosol, are e.g., dust, marine and anthropogenic particles. In
the following, previous studies of dust, marine aerosol and anthropogenic aerosol
particles and their contributions to CCN and INPs are shortly summarized.
Mineral dust from deserts contributes largely to tropospheric aerosols and impacts
air quality of several regions and even of the globe [8, 9, 10]. Mineral dust aerosol
in the atmosphere can affect the Earth’s radiative budget by directly scattering and
absorbing solar and infrared radiation [11, 12]. On the other hand, it can modify
cloud properties, i.e., contribute as CCN or INPs [13, 14]. Karydis et al. [15] found
that the predicted annual average contribution of insoluble mineral dust to CCN
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number concentration (NCCN) in cloud forming areas was up to 40% over North
Africa and Asia (Arabian Peninsula and Gobi Desert).
Submicron dust particles were recognized as effective INPs below −20 ◦C [16]
and super-micron dust particles were reported to be ice active even up to −10 ◦C
[17, 18]. Laboratory studies on natural mineral dusts from different regions have
been conducted to quantify the particle’s ability to nucleate ice [19, 20]. Mineral
dust particles from deserts are composed of a variety of minerals, and K-feldspar is
supposed to be more active for ice nucleation than other minerals in the mixed-phase
cloud temperature regime [21, 16, 22]. Boose et al. [23] found that ice activity of
desert dust particles at temperatures between −35 and −28 ◦C can be attributed to
the sum of the feldspar and quartz content.
Due to the vast coverage of the Earth’s surface by the oceans, wind-driven particle
production on the ocean surface is one of the largest global sources of primary
atmospheric particle mass [24, 25]. Ambient measurements and laboratory studies
indicated that the resulting marine aerosol with less than 10 µm diameter can have
a trimodal size distribution, which suggests that several mechanisms are involved in
marine aerosol production [26, 27]. Besides, ocean physics, biology, and chemistry
ultimately control both particle hygroscopicity [28] and the number of particles that
can act as CCN and INPs [29, 30, 31] in the marine aerosol. Together with newly
formed particles originating from gaseous precursors which can also be emitted from
the ocean, this sea spray aerosol (SSA) contributes to marine aerosols. On a global
basis, SSA makes a contribution of less than 30% to the CCN number concentration
[32].
Ocean water can be a potential source of INPs [33]. The source of INPs in ocean
water might be associated with phytoplankton blooms [34]. Recently, Wilson et al.
[30] and Irish et al. [35] found that organic material, with a diameter <0.2 µm,
is the major ice nucleator in the sea surface microlayer (SML). DeMott et al. [31]
found that the ice nucleation activity from laboratory generated SSA aligned well
with measurements from diverse regions over the oceans. Furthermore, a connection
between marine biological activity and INP number concentration (NINP) was
uncovered in their laboratory study [31]. In pristine marine conditions, such as
the Southern Ocean, SSA was the main source of the INP population, but NINP
was relatively low in the Southern Ocean as well as in the clean marine Northeast
Atlantic [36, 37]. These field measurements are consistent with the model work by
Burrows et al. [38], which emphasizes the importance of SSA contribution to INPs
in remote marine regions.
Regarding anthropogenic sources of aerosol particles, central Europe was identified
as the major source of black carbon over the eastern Mediterranean [39]. In the Po
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Valley, due to the comparable climatic conditions, Sandrini et al. [40] found that
particles in the size range from 50 to 140 nm were mainly from traffic emissions. The
photochemical oxidation of inorganic and organic gaseous precursors was identified
as the important mechanism of secondary aerosol formation, which caused the
accumulation mode (420-1200 nm) aerosol particles to be constituted mainly of
ammonium nitrate, organic carbon and sulfate. In-situ observations of CCN on Crete
were reported by Kalivitis et al. [41], highlighting new particle formation (NPF) as
a source of CCN. At Finokalia, Crete, Bougiatioti et al. [42] found that air masses
originating from central eastern Europe tend to be associated with higher NCCN,
and slightly lower hygroscopicity (κ = 0.18), than other air masses.
The INPs produced in urban regions have rarely been the focus of previous studies.
Knopf et al. [43] studied the heterogeneous ice nucleation activity of predominantly
organic (or coated with organic material) anthropogenic particles sampled within
and around the polluted environment of Mexico City and found that anthropogenic
particles dominated by organics can act as sufficient INPs under conditions relevant
for cirrus cloud formation. Based on Continuous-Flow Diffusion Chamber (CFDC)
and single particle mass spectrometer analysis, Corbin et al. [44] suggested that dust
particles, biomass burning particles and particles containing elemental carbon might
be sources of INPs in Toronto. Chen et al. [45] found that aerosol in Beijing did not
contain higher NINP during strong pollution events, compared with clean phases.
NINP might not be influenced directly by anthropogenic activities, at least not down
to roughly −25 ◦C.
In order to understand the role of cloud CCN and INPs over the tropical and sub-
tropical regions in the northern hemisphere, two field campaigns were carried out in
two representative locations, i.e., the anthropogenic polluted environment at Cyprus
and the marine-dust intersect environment at Cabo Verde.
Cyprus, an island located in the eastern Mediterranean region, is approximately 100
km south of the Turkish mainland, 100 km west of the Syrian coast, and 300 km
north of the Egyptian coast. This geographical location makes Cyprus an unique
spot in the eastern Mediterranean Sea, where a variety of aerosols (traffic emission,
secondary biogenic, sea spray and mineral dust aerosols) from both continental and
marine sources is present [46, 47, 48].
The first campaign took place in the framework of A-LIFE (Absorbing aerosol layers
in a changing climate: aging, lifetime and dynamics) project. The measurements
were performed from 2 to 30 of April 2017, on the island of Cyprus, which had the
purpose to investigate properties of absorbing aerosols during their atmospheric
lifetime, and their distribution throughout the tropospheric column. As part of the
A-LIFE campaign, ground-based measurements were carried out in Paphos, Cyprus,
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to characterize the abundance, properties and sources of aerosol particles in general,
CCN and INP in particular.
Cabo Verde is surrounded by the Atlantic Ocean and close to the largest dust sources
(the Sahara and Sahel region) in the world. Significant seasonal intrusions of dust
from the North West Africa affect Cabo Verde at surface level from usually October
till March. An hourly PM10 value reached up to 710 µg m−3 at surface level at Cabo
Verde [49]. Marine is the second important aerosol source at Cabo Verde when
looking at particle mass [50, 51]. There is always a background of marine aerosol
present at Cabo Verde [52].
The second campaign took place in the framework of the MarParCloud (Marine
biological production, organic aerosol particles and marine clouds: a process chain)
project. The measurements were carried out on São Vicente island in Cabo Verde
from 13 September to 13 October, 2017. The aim of this project was to investigate
the entire process chain of biological production of organic matter in the oceans, the
export of organic matter to marine aerosol particles and finally their abilities to act
as CCN and INPs. As part of the MarParCloud campaign, a thorough characterization
of the abundance, properties, and sources of aerosol particles, CCN and INPs close
to both sea and cloud level heights with measurements was done at the Cape Verde
Atmospheric Observatory (CVAO) and on the top of Monte Verde (MV), respectively.
Furthermore, we collected samples from different environmental compartments:
namely, the oceanic sea surface microlayer (SML), underlying water (ULW), cloud
water and the atmospheric filter samples close to both sea and cloud level and
measured INP number concentration (NINP) with off-line freezing devices in our
lab.
At the end of this introduction, I will give a brief overview on the content of the
following chapters. In Chapter 2, all of the experimental methods will be explained
in detail. Chapter 3.1, 3.2 and 3.3 form the cumulative part of the dissertation
in that they consist of three publications, Gong et al. [53], Gong et al. [54] and
Gong et al. [55]. In the end, the summary of the most important results as well as
conclusions are given in Chapter 4 and an outlook is given in Chapter 5.
4 Chapter 1 Introduction
2Methodology
In this chapter, all of the experimental methods will be explained in detail. There are
three main topics, i.e., (1) Particle number concentration (PNC) and particle number
size distribution (PNSD); (2) CCN number concentration (NCCN) and particle
hygroscopicity; (3) INP number concentration (NINP) in different environmental
compartments (sea surface microlayer (SML), underlying sea water (ULW), cloud
water and ambient air).
2.1 Particle Size and Cloud Condensation Nuclei
2.1.1 Measurement Setup
Aerodynamic Particle Sizer 
(APS)
Cloud Condensation Nuclei Counter 
(CCNc)






Fig. 2.1.: Schematic of the measurement system, including (a) sampling inlet and (b)
on-line instruments TROPOS-type mobility particle size spectrometer (MPSS),
aerodynamic particle sizer (APS) and cloud condensation cuclei counter (CCNC).
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The instrumental setup used for particle size and cloud condensation nuclei mea-
surements is shown in Fig. 2.1. An aerosol PM10 inlet, employed to remove particles
larger than 10 µm in aerodynamic diameter, was installed on top of a measurement
container. Downstream of the PM10 inlet, a vertical tube (inner diameter of 1.65 cm)
and a diffusion dryer (130 cm) were arranged before the aerosol was led into the
measurement container. The diffusion dryer was installed vertically to avoid gravita-
tional losses of larger particles. Downstream of the dryer, the sampled aerosol was
split to supply the aerosol to various instruments, including TROPOS-type mobility
particle size spectrometer (MPSS), aerodynamic particle sizer (APS, model 3321,
TSI Inc., St. Paul, MN, USA). and could condensation nuclei counter (CCNC, Droplet
Measurement Technologies (DMT), Boulder, USA).
2.1.2 Particle Number Size Distribution
PNSDs were measured in the size range from 10 nm to 10 µm using a TROPOS-type
MPSS and an APS.
Mobility Particle Size Spectrometer The TROPOS-type MPSS consists of a sequen-
tial setup of a bipolar diffusion charger (or traditionally named neutralizer), a DMA,
and a CPC. First, the ambient aerosol sample flow has to be dried and a bipolar
charge equilibrium is established using a bipolar diffusion charger. Second, the
charged aerosol particles are fed into the DMA and then merged with the particle-
free sheath air flow. In the DMA, charged particles are separated according to their
electrical mobility. In the last step, the separated aerosol particle number concentra-
tion downstream of the DMA is measured by means of a CPC. Ramping or stepping
the voltage yields an electrical particle mobility distribution. Fig. 2.2 shows the
schematic of the TROPOS-type MPSS. The details of the TROPOS-type MPSS are
described in Wiedensohler et al. [56].
Aerodynamic Particle Sizer The APS model 3321 is a time-of-flight spectrometer
that measures the velocity of particles in an accelerating air flow through a nozzle.
First, particles are confined to the center-line of an accelerating flow by sheath air.
They then pass through two broadly focused laser beams, scattering light as they do
so. Side-scattered light is collected by an elliptical mirror that focuses the collected
light onto a solid-state photo-detector, which converts the light pulses to electrical
pulses. From the time delay between the two pulses, the velocity can be calculated
for each individual particle. Fig. 2.3 shows the schematic of the TSI APS model
3321.
Combined Particle number Size Distribution The electrical mobility distribution
is converted to a size distribution by applying an inversion algorithm. The size
6 Chapter 2 Methodology
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Fig. 1. Schematic sketch of the recommended closed-loop mobility particle size spectrometer. The set-up includes dryers for aerosol flow
and sheath air, heat exchanger, particle filters, as well as sensors for aerosol and sheath air flow rate, relative humidity and temperature of
aerosol flow and sheath air, and absolute pressure.
instrument. Atmospheric aerosol particles containing water-
soluble material may take up significant amounts of wa-
ter well below saturation. This effect is called hygroscopic
growth. Ambient air may increase considerable their RH
when cooled down after entering an air-conditioned labora-
tory. Hygroscopic growth factors in the range from 1.3–1.6
of atmospheric particles larger than 100 nm in diameter at a
RH of 90 % is common (Swietlicki et al., 2008), however,
depending on the mass fraction and state of mixing of water-
soluble particle material. The solution to achieve compara-
bility between measurements is to limit the relative humidity
by drying the sample aerosol. Preferably, the RH should be
kept below 40 %, which minimizes diameter changes due to
hygroscopic growth to typically less than 5 % (Swietlicki et
al., 2008).
3 Harmonization of the technical standard
Within the EUSAAR and ACTRIS projects, we developed
technical standards for mobility particle size spectrometers.
Parts of these standards have resulted from the desire to
harmonize aspects of hardware, and enhance the accuracy
and definition of the measurement. Others were conceived
to enhance the data formatting and evaluation procedure of
the measurements. The recommended standards have been
clearly motivated by the needs of long-term field experi-
ments, nurtured by a multi-annual practice of field obser-
vations and laboratory intercomparisons of mobility particle
size spectrometers. The general spirit of these recommen-
dations is to enhance the accuracy and world-wide compa-
rability of such measurements. We encourage operators of
atmospheric measurements of particle number size distribu-
tions to adhere to these standards as far as possible.
3.1 Technical features of the mobility particle size
spectrometers
The schematic of our recommended mobility particle size
spectrometer is shown in Fig. 1. Here, the sheath air flow is
circulated in a closed loop, a principle implemented in most
commercial and custom-made mobility particle size spec-
trometers. The recommended set-up includes dryers to re-
duce RH in the aerosol sample and sheath air flows. The
www.atmos-meas-tech.net/5/657/2012/ Atmos. Meas. Tech., 5, 657–685, 2012
Fig. 2.2.: Schematic sketch of the TROPOS-type MPSS. MPSS consists of a sequential
setup of a bipolar diffusion charger (neutralizer), a DMA, and a CPC, with some
auxiliary flow and temperature controller and filters. This picture is taken from
Wiedensohler et al. [56].
distributi n is thereby corrected for multiply charge aerosol particles [58]. In
this study, for the multiple charge correction of the MPSS data, the APS data was
accounted for in the i version of the measured PNSD [59]. T e dry dynamic shape
factor (χ) of mineral dust is χ = 1.25 [60] for 1 µm particl s, whereas the dynamic
shape factor for sodium chloride is χ = 1.08 [61, 62]. The average shape factor
of 1.17 was used in this study. The dry density of Saharan dust particles was
determined in a range of ρ = 2450-2700 kg m−3 [63]. The dry particle density of
sodium chloride is known to be ρ = 2160 kg m−3. The overall effective density of
the dust and sea-salt fraction is approximately 2, as recommend in Schladitz et al.
[64].
The combined PNSD is then given on the basis of the volume equivalent particle diam-
eter. Size-dependent particle losses due to diffusion, deposition and sedimentation
within the sampling inlet (between PM10 cutter and instruments) were corrected
for utilizing the empirical particle loss calculator [65]. Total particle number concen-
trations (Ntotal) were calculated from the measured PNSDs and the size-dependent
particle losses. The calibration of the MPSS before, during and after the intensive
field study was done following the recommendations given in Wiedensohler et al.
[66].
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Aerosol Flow Through the APS Model 3321 
 
 
After passing through the orifice, the sheath flow is reunited with 
the sample flow at the accelerating orifice nozzle. This flow confines 
the sample particles to the center stream and accelerates the air 
flow around the particles. In this way, small particles (which can 
accelerate with the flow) reach a higher velocity than larger 
particles (which, due to inertia, lag behind the flow of the air 
stream).  
 
Particle velocity is then measured in the optics chamber (refer to 
“Optics Path and Signal Processing Path,” below). 
 
After measurement, the particle stream exits the optics chamber, 
drawn by the total flow pump. The combined flow is controlled by 
Fig. 2.3.: Schematic sketch of the TSI APS model 3321. APS mainly contains nozzles and a
optics chamber, with some auxiliary flow and temperature controller and filters.
The picture is taken from the TSI APS model 3321 instruction manual [57].
Based on these PNSDs, the particle surface area size distributions (PASDs) and the
concentrations for the total surface area of particles were derived. This will be used
for ice active surface site density (ns) calculatio .
2.1.3 Cloud Condensation Nuclei
NCCN was measured using a CCNC. Fig. 2.4(a) shows the schematic of DMT CCNC.
The main part of the CCNC is a 50 cm long cylindrical continuous flow thermal-
gradient diffusion chamber, as shown in Fig. 2.4(b). In the diffusion chamber, a
constant streamwise temperature gradient is established to adjust a quasi constant
centerline supersaturation. The sampled aerosol particles are guided within a sheath
flow through this chamber and can become activated into droplets, depending on
the supersaturation and the particles’ ability to act as CCN. The details of the CCNC
are described in Roberts and Nenes [67].
During our study, the supersaturation was varied from ∼0.08 % to ∼0.77 % at
a constant total flow rate of 0.5 L min−1. To assure stable column temperatures,
the first 5 minutes and the last 30 seconds of the 12-minute long measurement at
each supersaturation, were excluded from the data analysis. The remaining data
points were averaged. A supersaturation calibration (following the protocol by Gysel
and Stratmann [69]) was done at the cloud laboratory of the Leibniz Institute for
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Operator Manual, Cloud Condensation Nuclei Counter  
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The inlet manifold serves as the connection point for the sample flow, sheath flow, 
bottle vents, and the absolute pressure transducer for the sample pressure measurement.    
 
Sample flow is measured by pressure drop across the capillary (4) with a differential 
pressure transducer. The sample air proceeds directly into the top of the growth column 
(6).  
 
The sheath airflow is split off of the sample flow (9). The sheath air passes through a 
metering valve, which applies resistance to regulate the ratio between the sample and 
sheath air. The ideal flow ratio is 10 parts of sheath air to 1 part of sample air. Note that 
only the total airflow in the CCN is regulated; this is done through the proportional valve 
(24). Absolute flow to the sample and sheath flows is controlled by adjusting both the 




Figure 3: Air and Liquid Flow Schematic Diagram 
(a) (b)
Fig. 2.4.: (a) Schematic sketch of the DMT CCNC and (b) the main part of CCNC, i.e.,
cylindrical conti uous-flow thermal-gradient diffusion chamber. The picture is
taken from DMT CCNC manual [68].
Tropospheric Research (TROPOS) prior to and after the measurement campaign, to
determine the relationship between the temperature gradient along the column and
the effective supersaturation.
2.1.4 Particle ygroscopicity
According to Köhler theory [70], whether or not a particle can act as a CCN depends
on its dry size, chemical composition and the maximum supersaturation it encounters.
Petters and Kreidenweis [71] presented a method to describe the water activity term
in the Köhler equation by utilizing the hygroscopicity parameter κ.
The κ values reported in this study were calculated as follows, assuming the surface











where dcrit is the critical diameter above which all particles activate into cloud
droplets for a given saturation. S is the saturation ratio. Mw and ρw are the molar
mass and density of water, while R and T are the ideal gas constant and the absolute
temperature, respectively.
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To derive dcrit, simultaneously measured NCCN and PNSD are used. Thereto, it is
assumed that all particles in the neighborhood of a given particle diameter have
a similar κ, meaning that the aerosol particles are internally mixed. At a given
supersaturation, a particle can be activated to a droplet once its dry size is equal
to or larger than dcrit. Therefore, dcrit is the diameter at which NCCN is equal to
the value of cumulative particle number concentration, determined via integration
from the upper towards the lower end of the PNSD. Fig. 2.5 shows the connection
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Fig. 2.5.: The connection between the PNSD, a corresponding NCCN and the resulting dcrit.
The critical diameter dcrit is determined by the integration of a PNSD starting
from the largest diameter til it is equal to the value of a simultaneous measured
NCCN.
Hygroscopicity κ can be calculated with dcrit and the corresponding supersaturation,
based on Eq.2.1. The inferred κ values correspond to particles with sizes of roughly
dcrit.
2.1.5 Measurement Uncertainty
The uncertainty in κ, which results from uncertainties of the PNSD measurements
and the supersaturations of the CCNC, was determined by applying a Monte Carlo
simulation (MCS) in a similar fashion as done by Kristensen et al. [72] and Herenz
et al. [73].
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Based on results from laboratory calibrations and year-long application of the in-
struments, we assume the following uncertainties. The particle diameter which is
selected with a DMA has an uncertainty of 3.0% (corresponding to one standard
deviation). The measured particle number concentration has an uncertainty of 5.0%
(corresponding to one standard deviation). In addition, the effective supersaturation
in CCNC has a relative uncertainty of 3.5% (corresponding to one standard devia-
tion) for supersaturation above 0.20%. Below a supersaturation of 0.20%, the same
absolute uncertainty as for a supersaturation of 0.20% can be assumed. To consider
the impact of these uncertainties on dcrit and κ in a realistic way, a MCS based on
random normal distributions was used. This following general equation was applied:
sMC = s + s ∗ u ∗ p (2.3)
where u is the relative uncertainty, p is a normally distributed random number with
a mean of 0, s is the measured signal and sMC is the resulting MCS signal. This was
done for 10 000 random numbers p, which then results in 10 000 values for sMC with
a variability that is characterized by u.
Firstly, the uncertainty in dcrit was obtained by a MCS based on one exemplary PNSD,
the related NCCN and a 5.0% uncertainty in the particle number concentration.
Eq. 2.3 was used to vary the particle number concentration of each size bin of the
PNSD to calculate 10 000 dcrit values, of which a distribution is shown in Fig. 2.6(a).
The mean and 1 standard deviation of these 10 000 dcrit values can be taken from
this distribution, and the overall uncertainty in dcrit was derived from those values
together with the 3.0% uncertainty in the particle sizing due to the DMA, using error
propagation. This was then done for all PNSDs.
Secondly, the effective supersaturation of the CCNC are 10 000 times Monte Carlo
simulated (same procedure as for dcrit). Since the connection between κ and
supersaturation is logarithmic, the resulting distribution of the 10 000 κ values is a
log-normal distribution, as can be seen in Fig. 2.6(b) for one exemplary case. This
was done for one specific measurement. Consequently, our final inferred κ and
its uncertainty are the geometric mean and the one standard geometric standard
deviation of this distribution, respectively.
Lastly, dcrit and κ uncertainties over the whole campaign were calculated. Combin-
ing all dcrit values in a certain period, the total dcrit distribution was derived. In
this case, we took all of the dcrit at a supersaturation of 0.50% during the whole
MarParCloud campaign. The mean value and one standard deviation of dcrit can be
taken from this distribution. Using the same way, the distribution of κ values was
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derived. The geometric mean value and one geometric standard deviation of κ can




















































Fig. 2.6.: (a) Distribution of 10 000 dcrit values after applying the MCS. (b) Distribution of
10 000 κ values after applying the MCS. (c) Distribution of dcrit values during
the whole MarParCloud campaign. (d) Distribution of κ values during the whole
MarParCloud campaign.
Note that the particle losses inside the CCNC (discussed in Rose et al. [74]) are also
considered before κ is calculated.
2.2 Ice-Nucleating Particles
2.2.1 Sample Collection
For A-LIFE campaign, only airborne samples were collected. For MarParCloud
campaign, samples collected for INP analysis include: sea surface microlayer (SML)
and underlying water (ULW) from the ocean wind of the island; filter samples of
atmospheric aerosol; as well as cloud water collected during cloud events. Fig. 2.7
summarizes the sample collection strategy and corresponding sampling techniques
during MarParCloud campaign.







Digitel filter sampler 
DHA-80
Caltech Active Strand Cloud 
Collector Version 2 (CASCC2)
Glass Plate
A Bottle Mounted On 
A Telescopic Rod 
Fig. 2.7.: Schematic diagram of the sample collection strategy during MarParCloud cam-
paign, including the sample collection of SML, ULW, filters of atmospheric aerosol
and cloud water, and the corresponding sampling techniques.
Seawater Sampling
Seawater samples were taken by using of a fishing boat with a distance of at least 5
km from the coastal (off-shore samples). The SML samples were collected using a
glass plate sampler [75, 35, 76]. The glass plate had a surface area of 2000 cm−2 and
was immersed vertically into the ocean and then withdrawn at a slow rate (between
5 and 10 cm s−1) allowed to drain for less than 5 s. The surface film adhered to
the surface of the glass was scraped off from both sides of the glass plate with a
framed Teflon wiper into a 1 Liter glass bottle. For each SML sample, approximately
1 Liter was collected, requiring ∼55 dips. Based on the amount of material collected,
the number of dips and the area of the plate, the averaged thickness of the layer
collected was calculated as ∼91.0 µm. ULW samples were collected at the same
times and locations as the SML samples. ULW was collected from a depth of 1 m by
a glass bottle mounted on a telescopic rod in order to monitor sampling depth. The
bottle was opened underwater at the intended sampling depth with a specifically
designed seal-opener.
Aerosol Particle Sampling
a. Polycarbonate filter The polycarbonate filters were deployed during the A-LIFE
campaign in Cyprus. We used two setups to sample airborne particles for further
analysis.
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With the first setup, particles were collected on 200 nm pore size polycarbonate
filters (Nuclepore Track-Etch Membrane, Whatman) with ∼20 hours time resolution
and a flow rate of ∼10 L min−1. We used a computer-based system to switch between
filters based on wind directions. Two sectors were distinguished, i.e., the ocean
sector comprising wind directions from 120 to 240 degree, and the land sector,
covering the remaining directions. Blind filters were obtained by inserting the filters
into the sampler for a period of 24 hours without loading them.
For the second filter-based sampling system, 200 nm pore size polycarbonate filters
(Nuclepore Track-Etch Membrane, Whatman) were pre-treated with 10% H2O2
solution, washed with particle free ultrapure water and dried prior to insertion into
the filter holder. Daily filter samples with an air flow rate of ∼15 L min−1 for ∼8
hours were taken. Blind filters were obtained by inserting the filters into the sampler
for a period of 24 hours without loading them.
b. Quartz fiber filter The quartz fiber filters were deployed during the MarPar-
Cloud campaign at Cabo Verde.
Particle sampling was done using a high-volume sampler with PM10-inlet and PM1-
inlet (Digitel filter sampler DHA-80, Walter Riemer Messtechnik, Germany) that
operated with an average flow rate of ∼500 L min−1 in a 24 hours sampling period.
The high-volume samples were collected on 150 mm quartz fiber filters (Munktell,
MK 360) with an effective sampling area of 140 mm in diameter. The filters were
preheated in our laboratory at 110 ◦C for 24 hours to minimize the organic carbon
background content. Blind filters were obtained by inserting the filters into the
sampler for a period of 24 hours without loading them.
Cloud Water Sampling
Cloud water were collected with CASCC2 (Caltech Active Strand Cloud Collector
Version 2). All cloud drops sizes are collected into one bulk sample. Drops are
collected by inertial impaction on Teflon strands with a diameter of 508 µm. The
50% lower size cut for the CASCC2 is approximately 3.5 µm diameter. The flow rate
through the CASCC2 was approximately 5.8 m3 min−1. The CASCC2 is described in
more details in Demoz et al. [77]. Between cloud events, the cloud water sampler
was cleaned with a large amount (∼5 L) of ultrapure water. Once the collector was
cleaned, a blank was taken by spraying about 200 mL of ultrapure water into the
collection strands in the collector.
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Storage and Shipment
After sampling, the water and filter samples were stored in a freezer (−20 ◦C). The
long-term storage and transportation of the collected samples from the measurement
location to Leibniz Institute for Tropospheric Research (TROPOS), Germany was
always carried out in aluminum boxes at −20 ◦C. At TROPOS, all samples were
stored at −20 ◦C until they were prepared for the measurement.
2.2.2 Freezing Devices
Two droplet freezing devices called LINA (Leipzig Ice Nucleation Array) and INDA
(Ice Nucleation Droplet Array) have been set up at TROPOS. An droplet freezing de-
vice called INSEKT (SpEctrometer of the Karlsruhe Institute of Technology) designed
at KIT was used to compare the INP measurement with LINA.
LINA
The design of LINA was inspired by Budke and Koop [78]. A picture of LINA setup
is shown in Fig. 2.8(a). Briefly, 90 droplets with the volume of 1 µL each were
pipetted from the samples onto a thin hydrophobic glass slide, with the droplets being
separated from each other inside individual compartment. The compartments were
sealed at the top with another glass slide, to prevent the droplets from evaporation
and ice seeding from neighboring droplets. The droplets were cooled on a Peltier
element with a cooling rate of 1 K min−1 down to −35 ◦C. Once the cooling process
started, pictures were taken every 6 secs by a camera corresponding a resolution of
0.1 K. An exemplary image is shown in Fig. 2.8(b). The number of frozen versus
unfrozen droplets was derived automatically by an image identification program
written in Python. More detailed parameters and temperature calibration of LINA
and its application can be found in previous studies [45, 53].
In this study, LINA was used to measure seawater, cloud water and polycarbonate
filter. The water samples can be directly measured by LINA. As for polycarbonate
filters, each filter was immersed into 1 mL ultrapure water (Type 1, Millipore) and
shaken for 25 minutes to wash off the particles. The resulting water samples were
analyzed with LINA.







Fig. 2.8.: (a) Picture of LINA setup. (b) Image recording of a droplet freeze assay.
INDA
The design of INDA was inspired by Conen et al. [79], but deploying PCR-trays
instead of separate tubes [80]. A picture of INDA is shown in Fig. 2.9(a). For quartz
fiber filters, circular pieces with a diameter of 1 mm were punched out. Each of
the 96 wells of a PCR-tray was filled with one filter piece together with 50 µL of
ultrapure water. For SML, ULW and cloud water samples, 50 µL of the water samples
were filled in each PCR-tray. After being sealed by a transparent foil, the PCR-tray
was placed on a sample holder and immersed into a bath thermostat. The bath
thermostat then decreases temperature with a cooling rate of approximately 1 K
min−1. Real-time images of the PCR-tray were recorded every 6 secs by a CCD
(charge-coupled device) camera. A LED light was fixed to the bottom of the cooling
bath to ensure contrast between frozen and unfrozen droplets on the recorded
photos. Frozen droplets could be identified according to the brightness change
during the freezing process. An exemplary image recording is shown in Fig. 2.9(b).
A program recorded the current temperature of the cooling bath and related it to
the real-time images from the CCD camera. The temperature in the PCR-trays had
been calibrated. More detailed parameters and temperature calibration of INDA and
its application can be found in previous studies [45, 81].
INSEKT
INSEKT is a droplet freezing device, the design of which was inspired by the Colorado
State University Ice Spectrometer [82]. For the analysis, each filter (polycarbonate








Fig. 2.9.: (a) Picture of INDA setup. (b) Image recording of a PCR tray.
filters from A-LIFE campaign in Cyprus) was washed with 8 mL ultrapure water,
which had been passed through a 0.1 µm filter (Nuclepore Track-Etch Membrane,
Whatman). 50 µL samples of the resulting suspension/solution were pipetted into 24
to 36 sections of two 96-well PCR trays. Other wells of the trays were filled with 15-
and 225-fold (and for some samples also 3375-fold) dilutions of the filter washing
water. Also, in each experiment at least 24 wells were filled with pure and particle
free water, to be able to account for impurities resulting from the washing water and
PCR tray surfaces. The PCR trays were then placed into aluminum cooling blocks.
Those blocks have been customized by drilling channels into the bulk aluminum,
through which the cooling agent thermostated by means of an external chiller
(LAUDA PROLINE RP 855) is directed. The temperature of the cooling agent is then
lowered by 0.33 K min−1 and monitored by eight calibrated temperature sensors
inserted into the aluminum blocks. The number of frozen versus unfrozen wells was
derived visually in 0.5 K steps.
A summary of sample types, treatment methods, instrumentation and sampling
locations can be found in Tab. 2.1
Tab. 2.1.: Sample type, treatment method, instrumentation and sample location.
Sample type Treatment Instrumentation Location
Polycarbonate filters 1 mL ultrapure water wash LINA Cyprus
Polycarbonate filters 8 mL ultrapure water wash INSEKT Cyprus
Quartz fiber filters punched to 50 µL ultrapure water INDA Cabo Verde
SML - LINA, INDA Cabo Verde
ULW - LINA, INDA Cabo Verde
Cloud water - LINA, INDA Cabo Verde
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2.2.3 Deriving NINP
Basic calculation
Based on Vali [83], the cumulative concentration of INP (NINP) per air volume or
water volume as a function of temperature can be calculated by:
NINP(θ) =








where Ntotal is the number of droplets and N(θ) is the number of frozen droplets at
the temperature of θ.
Eq. 2.4 accounts for the possibility of the presence of multiple INPs in one vial
by assuming that INPs are Poisson distributed. This way, the cumulative number
of INP active at any temperature is obtained although only the most ice active
INP (nucleating ice at the highest temperature) present in each droplet/well is
observed. As for the SML, ULW and cloud water, V means the volume of droplet/well
(VLINA=1 µL, VINDA=50 µL). As for the polycarbonate filters and quartz fiber
filters, V means the volume of air distributed in each droplet/well. INDA features
larger sample volumes. Assuming similar INP concentrations in each droplet/well,
the larger volume implies a higher probability of INP being present in the sample,
and consequently INP featuring the lower detection limit, and being more suitable
for investigating warm temperature INP.
Uncertainty
Because the number (order of tens and lower per examined droplet/well) of INPs
present in the washing water is usually small, and the number of droplets/wells
considered in our measurements is limited, statical errors need to be considered
in the data evaluation. Previous studies [36, 84] used the method suggested by
Agresti and Coull [85] to calculate the freezing devices measurement uncertainties.
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where n is the droplet/well number. za/2 is the standard score at a confidence level
a/2, which for a 95% confidence interval is 1.96.
Background
For filter samples, the background freezing signal of water samples resulting from
punching/washing of blind filters is determined. Subtraction of the background
was done by converting fice to concentrations of INPs per volume of droplet/well.
NINP from the field blanks was then subtracted from that of the filter samples,
and the result was converted to background corrected atmospheric INP number
concentrations. Ultimately this procedure can be summarized as:
NINP,corr =
(
−ln(1 − fice,s) + ln(1 − fice,b)
)
/V (2.7)
The corrected atmospheric INP number concentration is NINP,corr, the frozen
fractions measured for the filter samples and the field blanks are fice,s and fice,b,
respectively. In this thesis, we always show the corrected INP number concentrations.
Note that for those samples that were already collected in a liquid state (ULW, SML
and cloud water ), a background correction was not done.
Salinity Correction of SML and ULW
NINP in SML and ULW were adjusted to account for the freezing depression caused
by dissolved salts in sea water. First, based on Kreidenweis et al. [86], the water
activity can be calculated by:
aw =
nwater
nwater + i ∗ nsolute
(2.8)
where the nsolute and nwater are the number of moles of solute and water in
solution, respectively. i is the van’t Hoff factor [87]. We assumed the sea salt is
mainly sodium chloride. The van’t Hoff factor is 2. Once we get the aw, the freezing
depression temperature as a function of aw can be found in Koop and Zobrist [88].
In our study, this was roughly a correction by 2.2 ◦C.
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2.2.4 Ice Active Surface Site Density
The ice nucleating properties of aerosol particles may be characterized by their ice
active surface site density (ns) [19]. The ns is a measure of how well an aerosol acts





Where A is the particle surface area concentration.
For cases where a single type of aerosol, such as one type of mineral dust, is examined
in laboratory studies, A can be the total particle surface area. However, when field
experiments are done, using the total particle surface area of the atmospheric aerosol
assumes that all particles contribute to INP and have the same ns, while the vast
majority of these particles will not even be an INP. On the other hand, singling out
the contribution of separate INP types in the atmospheric aerosol and relying ns only
to them by using their contribution to the total surface area is at least demanding if
not often impossible. This has to be kept in mind when interpreting heterogeneous
ice nucleation in terms of ns as done below.
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3Results and Discussion
This chapter is the cumulative part of the dissertation. The following publications
are considered:
• Gong, X., Wex, H., Müller, T., Wiedensohler, A., Höhler, K., Kandler, K., Ma,
N., Dietel, B., Schiebel, T., Möhler, O., and Stratmann, F.: Characteriza-
tion of aerosol properties at Cyprus, focusing on cloud condensation nu-
clei and ice-nucleating particles, Atmos. Chem. Phys., 19, 10883–10900,
https://doi.org/10.5194/acp-19-10883-2019, 2019.
• Gong, X., Wex, H., Voigtlälnder, J., Fomba, K. W., Weinhold, K., van Pinxteren,
M., Henning, S., Mülller, T., Herrmann, H., and Stratmann, F.: Characterization
of aerosol particles at Cabo Verde close to sea level and at the cloud level –
Part 1: Particle number size distribution, cloud condensation nuclei and their
origins , Atmos. Chem. Phys., 20, 1431–1449, https://doi.org/10.5194/acp-
20-1431-2020, 2020.
• Gong, X., Wex, H., van Pinxteren, M., Triesch, N., Fomba, K. W., Lubitz,
J., Stolle, C., Robinson, T.-B., Müller, T., Herrmann, H., and Stratmann, F.:
Characterization of aerosol particles at Cabo Verde close to sea level and at the
cloud level – Part 2: Ice-nucleating particles in air, cloud and seawater, Atmos.
Chem. Phys., 20, 1451–1468, https://doi.org/10.5194/acp-20-1451-2020,
2020.
The first publication is in the framework of the A-LIFE project, which took place in
April 2017 on the island of Cyprus to investigate the aerosols prevailing in the eastern
Mediterranean region. Ground-based measurements were carried out in Paphos,
Cyprus, to characterize the abundance, properties (size distribution, hygroscopicity,
ice activity), and sources of aerosol particles in general, CCN and INPs in particular.
The second and third publications are in the framework of MarParCloud project,
which took place in September and October 2017 on the São Vicente island in Cabo
Verde. Part 1 compared aerosol properties measured close to sea level and at a
mountaintop to examine the representativeness of ground based measurements
to the marine boundary layer (MBL) and present a thorough characterization of
CCN with respect to their hygroscopicity and number concentrations for different
air masses. Part 2 focused on INP properties. Samples collected for INPs analysis
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include: SML and ULW from the ocean upwind of the island; quartz fiber filter
samples of atmospheric aerosol, collected on a tower installed at the island shore
(inlet height: 42 m a.s.l) and on a mountaintop (inlet height: 746 m a.s.l); cloud
water collected during cloud events on the mountaintop.
3.1 First Publication:
Characterization of Aerosol Properties at Cyprus,
Focusing on Cloud Condensation Nuclei and
Ice-Nucleating Particles
The content of this section has already been published under the title “Characteri-
zation of aerosol properties at Cyprus, focusing on cloud condensation nuclei and
ice-nucleating particles” by Gong, X., Wex, H., Müller, T., Wiedensohler, A., Höhler,
K., Kandler, K., Ma, N., Dietel, B., Schiebel, T., Möhler, O., and Stratmann, F. In 2019,
the paper was published under the Creative Commons Attribution 4.0 License in
Atmos. Chem. Phys. with the doi: https://doi.org/10.5194/acp-19-10883-2019.
Reprinted with permission by the authors from Atmos. Chem. Phys., 19, 10883–10900,
2019.
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Abstract. As part of the A-LIFE (Absorbing aerosol lay-
ers in a changing climate: aging, LIFEtime and dynamics)
campaign, ground-based measurements were carried out in
Paphos, Cyprus, to characterize the abundance, properties,
and sources of aerosol particles in general and cloud con-
densation nuclei (CCN) and ice-nucleating particles (INP) in
particular. New particle formation (NPF) events with subse-
quent growth of the particles into the CCN size range were
observed. Aitken mode particles featured κ values of 0.21
to 0.29, indicating the presence of organic materials. Accu-
mulation mode particles featured a higher hygroscopicity pa-
rameter, with a median κ value of 0.57, suggesting the pres-
ence of sulfate and maybe sea salt particles mixed with or-
ganic carbon. A clear downward trend of κ with increasing
supersaturation and decreasing dcrit was found. Super-micron
particles originated mainly from sea-spray aerosol (SSA) and
partly from mineral dust.
INP concentrations (NINP) were measured in the tem-
perature range from −6.5 to −26.5 ◦C, using two freezing
array-type instruments.NINP at a particular temperature span
around 1 order of magnitude below −20 ◦C and about 2 or-
ders of magnitude at warmer temperatures (T >−18 ◦C).
Few samples showed elevated concentrations at tempera-
tures >−15 ◦C, which suggests a significant contribution
of biological particles to the INP population, which possi-
bly could originate from Cyprus. Both measured tempera-
ture spectra and NINP probability density functions (PDFs)
indicate that the observed INP (ice active in the tempera-
ture range between −15 and −20 ◦C) mainly originate from
long-range transport. There was no correlation betweenNINP
and particle number concentration in the size range> 500 nm
(N>500 nm). Parameterizations based onN>500 nm were found
to overestimate NINP by about 1 to 2 orders of magnitude.
There was also no correlation between NINP and particle
surface area concentration. The ice active surface site den-
sity (ns) for the polluted aerosol encountered in the eastern
Mediterranean in this study is about 1 to 3 orders of magni-
tude lower than the ns found for dust aerosol particles in pre-
vious studies. This suggests that observed NINP PDFs such
as those derived here could be a better choice for modeling
NINP if the aerosol particle composition is unknown or un-
certain.
1 Introduction
The Mediterranean region is one of the hotspot areas of the
globe being severely threatened by climate change (Giorgi
and Lionello, 2008), with the direct and indirect effects of
aerosol particles therein still remaining unclear. The Mediter-
ranean region is rich in a variety of aerosols (fuel combus-
tion, biomass burning, secondary biogenic, sea spray, and
mineral dust aerosols) from both continental and marine
sources (Chester et al., 1993; Piazzola and Despiau, 1997;
Lelieveld et al., 2002). The sensitivity of this region, together
with the large number of influencing factors, makes it a dif-
ficult task to understand all ongoing processes and their in-
terconnections. This, however, is needed in order to better
Published by Copernicus Publications on behalf of the European Geosciences Union.
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be able to protect the region or mitigate upcoming changes.
Our goal in this framework is to better understand the varied
aerosol that occurs in this region. In the next paragraphs, we
will start by giving an overview of what is known about the
Mediterranean aerosol.
Regarding anthropogenic sources of aerosol particles,
Sciare et al. (2003) found that the major contributions in
the eastern Mediterranean were from Turkey and central Eu-
rope. Central Europe was identified as the major source of
black carbon over the eastern Mediterranean. In the Po Val-
ley, which is in the western Mediterranean, but which we
still consider here, due to the comparable climatic condi-
tions, Sandrini et al. (2016) found that particles in the size
range from 50 to 140 nm were mainly from traffic emis-
sions. The photochemical oxidation of inorganic and organic
gaseous precursors was identified as the important mecha-
nism of secondary aerosol formation, which caused the accu-
mulation mode (420–1200 nm) aerosol particles to be consti-
tuted mainly of ammonium nitrate, organic carbon, and sul-
fate. Bougiatioti et al. (2013) found that organic carbon and
element carbon concentrations made up 2/3 of the PM1, with
organic carbon being mostly secondary and therefore highly
oxidized and water-soluble to a great extent.
Biomass burning is another important anthropogenic
aerosol source over the Mediterranean, and it was mainly ob-
served in the driest months of the year, July and August (Pace
et al., 2005). Long-term observations of absorbing aerosol
particles have clearly shown that they originated from agri-
culture waste burning (post-harvest wheat residual) in the
countries surrounding the Black Sea (Sciare et al., 2008).
Bougiatioti et al. (2016) examined in the eastern Mediter-
ranean potential cloud condensation nuclei (CCN) and hy-
groscopicity properties and found that an increased organic
content in the aerosol particles decreased the values of the
hygroscopicity parameter κ for all particle sizes. Further-
more, they observed CCN concentrations (NCCN) to be en-
hanced by a factor from 1.6 to 2.5 during biomass burning
plumes compared to background conditions.
Natural aerosol particles such as mineral dust and sea salt
are however the major contributing factors to particle mass
in the Mediterranean (Rodríguez et al., 2002). Mineral dust
particles from the Sahara Desert were regularly observed
at different locations across the Mediterranean. A record-
breaking dust storm originating from desert regions in north-
ern Syria and Iraq occurred over the eastern Mediterranean
in September 2015. The PM10 concentrations were close to
8000 µgm−3 and the observed meteorological optical range
(MOR) was reduced to 300–750 m (Mamouri et al., 2016).
By using the Weather Research and Forecasting model in a
Sahara outflow region, Smoydzin et al. (2012) found that the
presence of mineral dust can enhance the CCN concentration
and formation of ice crystals.
Sea-spray aerosols (SSA) are another main natural aerosol
type observed in the Mediterranean. Claeys et al. (2017)
found that primary marine aerosols mass concentration
reached up to 6.5 µg m−3, representing more than 40 % of the
total PM10 mass in the western Mediterranean. Salameh et al.
(2007) reported AOD around 0.15–0.20 (at 865 nm) within a
SSA plume during strong wind events with wind speeds up
to 18 ms−1.
Clouds in the atmosphere form when water vapor con-
denses on aerosol particles that serve as CCN. Clouds in
the atmosphere glaciate at temperatures above −38 ◦C if
droplet freezing is initiated by aerosol particles called ice-
nucleating particles (INP) or at temperatures below −38 ◦C,
also through homogeneous freezing (without INP) (Prup-
pacher and Klett, 2010). Therefore, a change in atmospheric
aerosol particles, especially CCN and INP, is bound to im-
pact cloud properties, precipitation, and cloud radiative ef-
fects (Fan et al., 2016). Even though clouds are omnipresent
in the Earth’s atmosphere, and play an important role in reg-
ulating the radiative budget of the planet, the response of
clouds to climate change remains highly uncertain, in partic-
ular with regard to aerosol–cloud interactions and feedback
mechanisms.
In situ observations of CCN on Crete were reported by
Kalivitis et al. (2015), highlighting new particle formation
(NPF) as a source of CCN. At Finokalia, Crete, Bougiati-
oti et al. (2011) found that air masses originating from cen-
tral eastern Europe tend to be associated with higher NCCN,
and slightly lower hygroscopicity (κ = 0.18), than other air
masses.
Rarely have measurements of INP been carried out in the
Mediterranean. Excluding situations characterized by high-
altitude transport of dust plumes, Rinaldi et al. (2017) found
that at a measurement station in the Po Valley basin, INP
number concentration (NINP) was roughly double that of
what they observed at the top of an Apennine mountain.
Schrod et al. (2017) found that mineral dust, or a constituent
related to dust, was a major contributor to INP on Cyprus.
However, due to Sahara dust plumes travelling at several
kilometers in altitude, NINP at higher altitudes were 10 times
higher than at ground level (height ∼ 700 m).
As outlined above, the aerosol in the Mediterranean re-
gion represents a complex mixture of primary and sec-
ondary aerosol particles from both natural and anthro-
pogenic sources, with these sources being non-uniformly dis-
tributed across the greater Mediterranean region. Most re-
gional and global climate simulations have investigated im-
pacts of global warming on the Mediterranean climate with-
out detailed considerations of possible radiative influences
and climatic feedback from different types of Mediterranean
aerosols (Mallet et al., 2016). Besides, to the best of our
knowledge, seldom have studies paid attention to the CCN
and INP simultaneously, which both have an effect on cli-
mate. The aim of this study is to provide a quantitative un-
derstanding concerning the abundance, properties and source
of CCN and INP in the eastern Mediterranean.
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2 Experiment
2.1 Sampling site and campaign setup
Measurements were performed from 2 to 30 April 2017,
on the island of Cyprus, as part of the A-LIFE (Absorb-
ing aerosol layers in a changing climate: aging, LIFEtime
and dynamics) project, which had the purpose of investi-
gating properties of absorbing aerosols during their atmo-
spheric lifetime, and their distribution throughout the tro-
pospheric column. Cyprus, an island located in the east-
ern Mediterranean region, is approximately 100 km south of
the Turkish mainland, 100 km west of the Syrian coast, and
300 km north of the Egyptian coast. This geographical lo-
cation makes Cyprus an unique spot in the eastern Mediter-
ranean Sea, where different and complex aerosol mixtures
occur. On the one hand, the Sahara Desert in the southwest,
and the desert of the Arabian Peninsula in the southeast favor
a regular occurrence of mineral-dust-rich air masses. One the
other hand, Cyprus is influenced by anthropogenic emissions
from southeastern Europe, as well as the Middle East, and, of
course, local pollution. This exposure to diverse air masses
makes Cyprus an ideal place for investigating the abundance
and properties of climate relevant aerosol particles in gen-
eral, and CCN and INP in particular. As shown in Fig. 1, the
measurement site was located in Paphos, Cyprus (34◦43′ N,
32◦29′ E). The measurements took place at the side of a fairly
calm coastal highway, facing the Mediterranean Sea. On the
northeastern side of the measurement site, 1 km away, is Pa-
phos International Airport.
The instrumental setup used for these investigations is
shown in Fig. S1 in the Supplement. An aerosol PM10 inlet,
employed to remove particles larger than 10 µm in aerody-
namic diameter, was installed on top of a measurement con-
tainer. Downstream of the PM10 inlet, a vertical tube (inner
diameter of 1.65 cm) and a diffusion dryer (130 cm) were ar-
ranged before the aerosol was led into the measurement con-
tainer. The diffusion dryer was installed vertically to avoid
gravitational losses of larger particles. Downstream of the
dryer and inside the container, the sampled aerosol was split
to supply the aerosol to various instruments, measuring parti-
cle number size distribution (PNSD), number concentration,
as well as hygroscopic and optical (not discussed in this pa-
per) properties.
For the measurement of NINP, two different filter-based
sampling systems were utilized. For one set of samples, to-
tal suspended particles were collected with a flow rate of
∼ 10 Lmin−1. For a second set of samples, a separate PM10
inlet was used as the inlet, and an air flow of ∼ 15 Lmin−1
was sampled onto the filters. No dryer was arranged in the
filter sampling system.
The CCN hygroscopicity was derived from NCCN com-
bined with the PNSD. INP freezing behavior and NINP were
determined by filter sampling and off-line analysis using
freezing array-type instruments. In the following, we will
briefly introduce the different measurement techniques ap-
plied in this study, including calibrations, measurements, and
data processing.
And lastly, to get additional information on the presence
of super-micron particles, depositing aerosol particles were
collected at ambient conditions outside of the measurement
container.
2.2 Particle number size distribution
PNSDs were measured in the size range from 10 nm to 10 µm
using a TROPOS-type MPSS (Mobility Particle Size Spec-
trometer) (Wiedensohler et al., 2012), and an APS (Aerody-
namic Particle Sizer, model 3321, TSI Inc., St. Paul, MN,
USA). For the multiple charge correction (Wiedensohler,
1988) of the MPSS data, the APS data were accounted
for in the inversion of the measured PNSD (Pfeifer et al.,
2016). The combined PNSD is then given on the basis of the
volume-equivalent particle diameter, where a dynamic shape
factor of 1.17 was used for particles> 1 µm, based on Schla-
ditz et al. (2011). More details about the combined MPSS
and APS PNSD can be found in Schladitz et al. (2011). Size-
dependent particle losses due to diffusion, deposition, and
sedimentation within the inlet were corrected for utilizing
the empirical particle loss calculator (von der Weiden et al.,
2009), as shown in Fig. S2. Total particle number concen-
trations (Ntotal) were calculated from the measured PNSDs
and the size-dependent particle losses. The calibration of the
MPSS before, during, and after the intensive field study was
done following the recommendations given in Wiedensohler
et al. (2018).
2.3 Cloud condensation nuclei
NCCN was measured using a Cloud Condensation Nuclei
counter (CCNc, Droplet Measurement Technologies (DMT),
Boulder, USA). The CCNc is a cylindrical continuous-flow
thermal-gradient diffusion chamber, establishing a constant
streamwise temperature gradient to adjust a quasi-constant
centerline supersaturation. The sampled aerosol particles are
guided within a sheath flow through this chamber and can
become activated into droplets, depending on the supersatu-
ration and the particles’ ability to act as CCN. The details of
the CCNc are described in Roberts and Nenes (2005).
During our study, the supersaturation was varied from
∼ 0.08 % to ∼ 0.77 % at a constant total flow rate of
0.5 L min−1. To ensure stable column temperatures, the first
5 min and the last 30 s of the 12 min long measurement at
each supersaturation were excluded from the data analysis.
The remaining data points were averaged. A supersaturation
calibration (following the protocol by Gysel and Stratmann,
2013) was done at the cloud laboratory of the Leibniz Insti-
tute for Tropospheric Research (TROPOS) prior to and after
the measurement campaign to determine the relationship be-
tween the temperature gradient along the column and the ef-
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Figure 1. Maps of the Mediterranean region, Cyprus, and the sampling location. (a) Position of Cyprus in the Mediterranean region. (b) Po-
sition of Paphos in Cyprus. (c) The sampling site is displayed as a red star. Northeast of the sampling site is Paphos International Airport.
fective supersaturation. Calibrated supersaturation set points
were 0.08 %, 0.19 %, 0.31 %, 0.54 %, and 0.77 %. These cal-
ibrated values were used for further calculations.
According to Köhler theory (Köhler, 1936), whether or not
a particle can act as CCN depends on its dry size, chemical
composition, and the maximum supersaturation it encoun-
ters. Petters and Kreidenweis (2007) presented a method to
describe the water activity term in the Köhler equation by uti-
lizing the hygroscopicity parameter κ . The κ values reported
in this study were calculated as follows, assuming the surface












where dcrit is the critical diameter above which all particles
activate into cloud droplets for a given supersaturation. Mw
and ρw are the molar mass and density of water, while R
and T are the ideal gas constant and the absolute temper-
ature, respectively. To derive dcrit, simultaneously measured
NCCN and PNSD are used. Thereto, it is assumed that all par-
ticles in the neighborhood of a given particle diameter have
a similar κ , meaning that the aerosol particles are internally
mixed. At a given supersaturation, a particle can be activated
to a droplet once its dry size is equal to or larger than dcrit.
Therefore, dcrit is the diameter at which NCCN is equal to
the value of cumulative particle number concentration, de-
termined via integration from the upper towards the lower
end of the PNSD. Hygroscopicity κ can be calculated with
dcrit and the corresponding supersaturation, based on Eq. (1).
Note that the particle losses inside the CCNc (discussed in
Rose et al., 2008) are also considered before κ is calculated.
More details about the correction method and data process-
ing can be found in the previous literature (Kristensen et al.,
2016; Herenz et al., 2018).
2.4 Ice-nucleating particles
We used two setups to sample airborne particles for fur-
ther analysis. With the first setup, particles were collected
on 200 nm pore size polycarbonate filters (Nuclepore Track-
Etch Membrane, Whatman) with ∼ 20 h time resolution and
a flow rate of ∼ 10 Lmin−1. As shown in Fig. S1, we used a
computer-based system to switch between filters based on
wind directions. Two sectors were distinguished, i.e., the
ocean sector comprising wind directions from 120 to 240◦
and the land sector covering the remaining directions. During
the campaign, we collected 4 filters with air from the ocean
sector, 17 from the land sector, and 2 blind filter samples
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in total. All of the filters were stored at −18 ◦C on Cyprus
and cooled below 0 ◦C during transportation. The start and
end times of sampling, flow rates, duration, and total sample
volumes are shown in Table S1 in the Supplement. These fil-
ters were transported to TROPOS for analysis. At TROPOS,
all filters were stored at −18 ◦C until they were prepared
for the measurement. Each filter was immersed into 1 mL
ultrapure water (Type 1, Millipore) and shaken for 25 min
to wash off the particles. The resulting water samples were
characterized with the Leipzig Ice Nucleation Array (LINA).
It should be mentioned that results from separate tests us-
ing 1 and 10 mL of washing water were well in agreement
(see Fig. S3). LINA is based on the freezing array tech-
nique and follows the design described in Budke and Koop
(2015). Briefly, 90 droplets with a volume of 1 µL are pipet-
ted from the water samples onto a thin hydrophobic glass
slide, with the droplets being separated from each other in-
side individual compartments. The compartments are sealed
at the top with another glass slide to minimize evaporation
of the droplets and to prevent ice seeding from neighboring
droplets. The bottom glass slide is cooled with a Peltier ele-
ment with a cooling rate of 1 K min−1. A camera takes pic-
tures every 6 s, corresponding to a temperature resolution of
0.1 K. The number of frozen versus unfrozen droplets was
derived automatically. More details concerning the experi-
mental parameters and temperature calibration of LINA can
be found in Chen et al. (2018).
For the second filter-based sampling system, 200 nm
pore size polycarbonate filters (Nuclepore Track-Etch Mem-
brane, Whatman) were pre-treated with 10 % H2O2 solu-
tion, washed with particle free ultrapure water, and dried
prior to insertion into the filter holder. Daily filter samples
with an air flow rate of ∼ 15 Lmin−1 for ∼ 8 h were taken.
In total 25 d time and two blind filter samples were col-
lected. All of the filters were stored at −18 ◦C in Cyprus
and cooled below 0 ◦C during transportation. The start and
end times of sampling, flow rates, and duration are shown
in Table S2. These filters were transported to the Karlsruhe
Institute of Technology (KIT) for analysis with the Ice Nu-
cleation SpEctrometer of the Karlsruhe Institute of Technol-
ogy (INSEKT). INSEKT is a droplet freezing device, the de-
sign of which was inspired by the Colorado State University
Ice Spectrometer (Hiranuma et al., 2015). For the analysis,
each filter was washed with 8 mL ultrapure water which had
been passed through a 0.1 µm filter (Nuclepore Track-Etch
Membrane, Whatman); 50 µL samples of the resulting sus-
pension/solution were pipetted into 24 to 36 sections of two
96-well PCR trays. Other wells of the trays were filled with
15- and 225-fold (and for some samples also 3375-fold) dilu-
tions of the filter washing water. Also, in each experiment at
least 24 wells were filled with pure and particle-free water to
be able to account for impurities resulting from the washing
water and PCR tray surfaces. The PCR trays were then placed
into aluminum cooling blocks. Those blocks have been cus-
tomized by drilling channels into the bulk aluminum, through
which the cooling agent thermostated by means of an exter-
nal chiller (LAUDA PROLINE RP 855) is directed. The tem-
perature of the cooling agent is then lowered by 0.33 Kmin−1
and monitored by eight calibrated temperature sensors in-
serted into the aluminum blocks. The number of frozen ver-
sus unfrozen wells was derived visually in 0.5 K steps.
For both measurement systems, the cumulative concentra-
tion of INP per air volume as a function of temperature can





where Nt is the number of droplets/wells and N(θ) is
the number of unfrozen droplets/wells at temperature θ . V
means the volume (at 0 ◦C and 1013 hPa) of air distributed
into each droplet/well.
The background freezing signal of ultrapure water and wa-
ter samples resulting from washing of blind filters is deter-
mined for the two sampling systems as well. Measured NINP
is corrected by subtracting the background concentrations
determined for the blind filters and the ultrapure water.
Due to the usually small number (order of tens and lower
per examined droplet/well) of INP present in the washing
water and the limited number of droplets/wells considered
in our measurements, statical errors need to be considered in
the data evaluation. Therefore, confidence intervals for the
frozen fraction (fice) were determined using the method sug-
gested by Agresti and Coull (1998). More details about the
background subtraction and measurement uncertainties can
be found in the Supplement.
2.5 Chemical composition
Aerosol particle dry deposition was collected with a flat-
plate-type sampler (Ott and Peters, 2008) on carbon adhe-
sive mounted on standard electron microscopy stubs. Sample
substrates were exposed for approximately 24 h, collecting
particles approximately between 1 and 100 µm particle di-
ameter at ambient conditions. Samples were subject to auto-
mated electron microscopy single-particle analysis, yielding
the particle size (projected area diameter) and average ele-
mental composition for each particle. Particles were classi-
fied according to the composition in groups based on a static
rules set. For more information on sampling, analysis, and
data processing, refer to Kandler et al. (2018). In this study,
we calculated the particle mass deposition rate in the size
range from 1 to 8 µm.
3 Results and discussion
3.1 Overview of the meteorology and air quality
Time series of meteorological and air quality parameters as
measured from 2 to 30 April are shown in Fig. 2. The rela-
tive humidity (RH), temperature, wind speed, wind direction,
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Figure 2. Time series of RH, temperature, wind speed, and wind direction with 10 min resolution, NOx , and Ntotal with 1 h resolution.
NOx , and Ntotal (retrieved from MPSS- and APS-measured
PNSD) were determined at the measurement site. Note that
all times presented here are in UTC (corresponding to local
time−3).
RH exhibited large variability throughout the campaign,
varying from 22.6 % to 89.2 %, with a mean of 68.4 %. Tem-
perature varied from 10.0 to 26.5 ◦C, with a mean of 17.5 ◦C.
The local wind speeds ranged from 0.1 to 10.1 ms−1, with a
mean of 2.8 m s−1. Figure S4 shows the wind rose plot based
on a 10 min mean of wind speed and wind direction. It is
clear that winds are mainly from northwest, west, and north-
east. The winds from northwest and west featured higher
wind speeds, while winds from northeast featured lower wind
speeds.
NOx varied from 0.0027 to 25 ppbv, with a median of
0.67 ppbv. Ntotal varied from 658 to 61 308 cm−3, with a
median of 3954 cm−3. The NOx and Ntotal were relatively
low during most of the campaign. However, sharp increases
in NOx and Ntotal were observed frequently, and extremely
high concentrations (NOx > 1.6 ppbv, Ntotal > 8000 cm−3)
only occurred for a few hours. A good correlation (R2 =
0.62) was found between such extremely high concentrations
of NOx and Ntotal (Fig. S5), indicating a nearby pollution
source. The extremely high concentrations of NOx and Ntotal
together with the wind direction typically connected to their
occurrences suggest the nearby airport as the source of these
pollutions, as will be discussed in more detail in Sect. 3.2.
To get indications concerning possible particle sources, we
studied the air mass origin and transport by means of back-
ward trajectory analysis. The calculations were performed
with the HYSPLIT (HYbrid Single-Particle Lagrangian In-
tegrated Trajectory) model (Stein et al., 2015; Rolph, 2003).
Figure 3a shows the 6 d backward trajectories with 1 h time
resolution ending at 500 m above the measurement site. Fig-
ure 3b shows the relative frequency of backward trajectories.
The majority (more than 30 %) of the trajectories featured
paths over central and southern Europe. Around 10 % of the
Figure 3. (a) 6 d backward trajectories (blue lines) ended at 500 m
above the measurement station with 1 h resolution. (b) Relative fre-
quency of trajectories arriving at the station, based on a 5◦ by 5◦
grid size.
trajectories were traced back to the northern Atlantic Ocean
and travelled through the western Mediterranean Sea to the
site. Approximately 5 % of the trajectories touched the Sa-
hara Desert and the desert regions in Syria and Iraq, indicat-
ing that mineral dust particles could have been transported to
Cyprus during the campaign.
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3.2 Particle number size distribution and sources
Particles of different sizes have different formation path-
ways, sources, and behaviors. Figure 4a presents measured
super-micron PNSDs as a contour plot, together with wind
speed information. The super-micron particle concentration
varied from 0 to 11 cm−3, with a mean of 2 cm−3. Figure 5
shows the time series of particle mass deposition rates for
different compounds at Cyprus, for particles between 1 and
8 µm dry diameter. Overall, sea salt accounted for more than
60 % of the super-micron particle mass throughout the whole
campaign.
Higher super-micron particle number concentrations were
mainly observed from 6 to 7, 12 to 14, and 21 to 22 April,
with the corresponding air masses originating from dust ar-
eas, as shown in Fig. 4a by brown dots. As shown in Fig. 5,
high dust deposition rates of ∼ 1 mg m−2 d−1 were also ob-
served during these periods. Therefore, mineral dust was an-
other important constituent of super-micron particle mass
during these periods. However, the observed super-micron
particle concentrations were relatively low compared to those
reported in previous studies (Mamouri et al., 2016; Schrod
et al., 2017) for Cyprus during dust plumes. Low concentra-
tions of super-micron particles were observed on 15 April,
although the respective backward trajectories featured paths
over the Sahara dust region. In summary, the super-micron
particles observed during the campaign were a mixture of
∼ 60 % sea salt, ∼ 32 % mineral dust, and ∼ 8 % others
(mainly sodium sulfate), with the relative contributions be-
ing dependent on the actual meteorological conditions and
source regions.
Figure 4b presents contour plots of PNSDs observed for
submicron particles. Extremely high concentrations of ultra-
fine particles (pronounced mode with a maximum at about
15 nm, median dN/dlogDp value larger than 104 cm−3)
were frequently observed throughout the whole campaign.
When ultrafine particles featured high concentrations, ex-
tremely high concentrations of NOx were also observed. An
exemplary case is shown in Fig. S6. Such kinds of behav-
ior usually appeared from 03:00 to 06:00 UTC and 17:00
to 22:00 UTC. A wind rose plot shown in the Supplement
indicates that during these periods, winds were from the
northeast (Fig. S7), i.e., the direction where Paphos Interna-
tional Airport is located. This is highly suggestive of the air-
port being the origin of the observed ultrafine particles and
NOx . Figure 6 shows the comparison of medians of PNSDs
observed during airport-affected (PNSDa) and non-affected
time periods. The error bars indicate the range between the
25 % and 75 % percentiles. It is clearly seen that airport-
affected PNSDa exhibit a very pronounced ultrafine particle
mode with a maximum at diameters of about 15 nm. Such a
mode is indicative of a nearby particle source, such as the
combustion of fuel at the airport. Previous studies found that
airport-emitted particles featured similar PNSDs (Hudda and
Fruin, 2016; Jasinski and Przylebska, 2018). Therefore, in
the following, time periods affected by pollution from the air-
port were excluded from further analysis. The pollution-free
median PNSD (black line in Fig. 6) features clear Atiken,
accumulation, and coarse modes, with the Hoppel minimum
(Hoppel et al., 1986) being located at approximately 80 nm.
Based on the criteria reported by Dal Maso et al. (2005),
we identified several NPF and growth events during the
campaign. The criteria are, first of all, the appearance of
a distinct new mode (in the nucleation mode size range)
in the size distribution. Secondly, the mode must prevail
over a time span of hours. Lastly, the new mode must show
signs of growth. For example, newly formed particles oc-
curred at 07:00 UTC, 5 April, 08:00 UTC, 12 April, and
07:00 UTC, 22 April, with subsequent particle growth in the
next few hours up to days. All observed NPF started dur-
ing daytime, suggesting that photochemistry products were
likely to contribute to the formation of the new particles.
The NPF events, which occurred at 07:00 UTC, 5 April and
07:00 UTC, 22 April, featured continuous particle growth up
to several tens of nanometers. The NPF event occurring at
08:00 UTC, 12 April exhibits a more complicated time evo-
lution. Around 15:30 UCT, 12 April, the PNSDs were af-
fected by pollution from the airport due to the wind direc-
tion shifting to the northeast. Around 00:00 UTC, 13 April,
the wind speed increased and wind directions were from the
clean ocean; i.e., clean air mass weakened the particle growth
process. Later on, i.e., at 01:00 UTC, 14 April, precipita-
tion occurred. This influenced the evolution of the NPF and
growth event, but the growing trend in particle size is still
to be seen. The observed particle growth events show that
newly formed particles can grow up to sizes where they can
act as CCN. However, there are several more NPF and growth
events which we do not discuss here, because particles did
not grow up to sizes making them potential CCN.
3.3 CCN and particle hygroscopicity
Figure 7 shows time series of Ntotal and NCCN (corrected
with particle losses) in the upper panel, dcrit in the middle
panel, and κ in the lower panel. NCCN exhibit large vari-
ability throughout the campaign, including a few remark-
ably elevated concentrations (maximum value ∼ 3730 cm−3
at supersaturation of 0.31 %), and one exceptionally low con-
centration (minimum value∼ 170 cm−3 at supersaturation of
0.31 %). The median values of NCCN at different supersatu-
rations are given in Table 1 and vary from 295 cm−3 for a
supersaturation of 0.08 % to 2004 cm−3 for a supersaturation
of 0.77 %.
The low NCCN around 03:00 UTC, 14 April were associ-
ated with precipitation, as can be seen in Fig. 2. Most of the
time, high NCCN are associated with NPF and growth events.
For example, around 09:00 UTC, 5 April,NCCN at higher su-
persaturations (0.54 % and 0.77 %) started to increase. The
NCCN at lower supersaturations (0.19 % and 0.31 %) fol-
lowed at 04:00 UTC, 6 April. However, NCCN at the lowest
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Figure 4. Contour plots for PNSDs during the whole campaign. The color scale indicates dN/dlogDp in cm−3. (a) Contour plots for PNSDs
of 1000 to 10 000 nm. Black line shows time series of wind speed and the brown dots show the time when backward trajectories passed the
dust area. (b) Contour plots for PNSDs of 10 to 1000 nm.
Figure 5. Time series of the dry mass deposition rate for different compounds for particles between 1 and 8 µm dry diameter. The “Dust”
class includes silicate and carbonate particles, and the “Other” class mainly consists of sodium sulfate. Mixed particles are evenly distributed
between the respective groups.
supersaturation (corresponding to the dcrit around 163 nm)
did not increase in connection with the NPF and growth
event. Newly formed particles did not grow into that size
range; i.e., NCCN at the lowest supersaturation was not af-
fected. The same behavior was observed from 08:00 UTC,
22 April to 00:00 UTC, 23 April. From 13 to 14 April, the
NPF and growth were affected by changing wind directions
and precipitation. NCCN also show respective influences, but
the overall trend still can be seen.
The probability density functions (PDFs) of NCCN at dif-
ferent supersaturations are shown in the upper panel of Fig. 8.
As discussed, NCCN at the lowest supersaturation was not af-
fected by the NPF and growth events, so a unimodal PDF was
observed. However, the PDFs of NCCN at other supersatura-
tions are bimodal, with the larger mode (higher concentra-
tions) representing the NPF and growth events. Kalivitis et al.
(2015) also found that CCN production resulted from NPF in
the eastern Mediterranean during the summertime. The small
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Figure 6. Comparison of the median PNSD during airport-affected
(red line) and non-affected (black line) time periods. The error bar
indicates the range between the 25 % and 75 % percentiles. Aitken,
accumulation, and coarse modes are fitted with log-normal distribu-
tion, displayed in blue, green, and brown lines, respectively.
Table 1. Median values of NCCN, dcrit, κ , and 1 standard deviation
of dcrit and κ at different supersaturations.
Supersaturation NCCN dcrit κ σdcrit σκ
(%) (cm−3) (nm) (nm)
0.08 295 163 0.57 10 0.09
0.19 872 92 0.49 8 0.12
0.31 1332 70 0.42 8 0.13
0.54 1743 55 0.29 7 0.10
0.77 2004 48 0.21 8 0.10
modes (lower concentrations) of the PDFs are representative
of the time periods without NPF and growth events.
The dcrit at different supersaturations were almost constant
throughout the campaign, even during the NPF events. The
PDFs of dcrit are unimodal, as shown in Fig. 8. The dcrit
at different supersaturations and the standard deviations of
their PDFs are included in Table 1. For the supersaturations
of 0.77 % and 0.54 %, the dcrit were below 60 nm, i.e., in-
side the Aitken mode. However, for the lowest supersatu-
ration of 0.08 %, dcrit is located in the accumulation mode.
Consequently, hygroscopicities derived at these supersatura-
tions can be assumed to be representative of the Aitken (at
supersaturations of 0.77 % and 0.54 %) and accumulation (at
a supersaturation of 0.08 %) modes, respectively.
The particle hygroscopicity, expressed as κ , can be seen as
a measure for average particle chemical composition. Time
series of calculated κ values are depicted in the lower panel
of Fig. 7. The κ values at different supersaturations show lit-
tle variability over time, with 1 standard deviation from 0.09
to 0.13; i.e., there is no clear trend in κ over time during the
campaign. At the supersaturations of 0.54 % and 0.77 %, cor-
responding to dcrit of 40±8 and 55±7 nm (median±1 stan-
dard deviation), the medians of κ are 0.21±0.10 and 0.29±
0.10, respectively. These low κ values in Aitken mode sug-
gest the presence of organic material, which has also been
observed in previous studies (Kalivitis et al., 2015; Kris-
tensen et al., 2016). At the lowest supersaturation of 0.08 %,
corresponding to the dcrit of 163± 10 nm, the median of κ
is 0.57± 0.09. Particles in this size range are members of
the accumulation mode and have undergone cloud process-
ing and aging. This results in higher amounts of sulfates be-
ing present, and consequently higher hygroscopicities. A few
sea salt particles mixed with organic carbon might also be
present in the accumulation mode, according to a previous
study (Prather et al., 2013). But the absolute number con-
centration of sea salt mixed with organic carbon particles in
the size range < 200 nm is likely limited. A clear downward
trend of κ is observed with increasing supersaturations and
decreasing dcrit (Fig. 9). The κ values in the Aitken and accu-
mulation modes are clearly different, with the error bars con-
sidered, indicating significant differences in particle chemi-
cal composition for the two modes.
The PDFs of κ change from unimodal to bimodal to uni-
modal with decreasing supersaturation. As mentioned above,
the κ values at supersaturations of 0.77 % and 0.54 % are rep-
resentative for the Aitken mode particles, while the κ values
at supersaturation of 0.08 % are a measure for the accumula-
tion mode particles. Therefore, the κ values at these supersat-
urations feature unimodal distributions. κ at supersaturations
of 0.31 % and 0.19 %, corresponding to dcrit of 92± 8 and
70± 8 nm, respectively, exhibit bimodal distributions. These
κ values are influenced by both Aitken and accumulation
mode particles, indicating an external mixture of particles in
that size range.
The determined particle hygroscopicities confirm those
given in previous studies. For example, Kalivitis et al. (2015)
reported that κ values in the Aitken mode were 0.20–0.40
lower than those in the accumulation mode during the NPF
events in the eastern Mediterranean, and highlighted NPF
as a source of CCN. Pringle et al. (2010) used an atmo-
spheric chemistry model to derive global distributions of ef-
fective particle hygroscopicity κ . The annual mean value at
the surface of the eastern Mediterranean was roughly 0.45,
with an annual cycle ranging from 0.35 in December to 0.50
in February. For April, the period of this study, a value of
0.40 was reported, which is consistent with what we obtained
(κ = 0.39) for this campaign.
3.4 Ice-nucleating particles
3.4.1 Temperature spectra of cumulative NINP
Ice fractions (fice) as determined with both LINA and IN-
SEKT are shown in Fig. S8. The corresponding NINP from
both instruments are shown in Fig. 10 as a function of tem-
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Figure 7. Time series of Ntotal, NCCN, the inferred dcrit, and κ values at different supersaturations.
Figure 8. PDFs of NCCN, dcrit, and κ values at different supersaturations.
perature. Samples collected from the land and ocean sectors
(measured by LINA) are represented by black circles and red
rectangles, respectively. These filter samples were all active
at −16 ◦C and the highest freezing temperature was found
to be −6.5 ◦C. Samples collected during daytime (measured
by INSEKT) are represented by blue rectangles. With two
or three dilution steps, by measuring suspensions with dif-
ferent aerosol concentrations, the INSEKT measurements
cover a larger temperature range from −7.5 to −26.5 ◦C.
The measurement uncertainty for both instruments is shown
in Fig. S9. As mentioned in the experimental section, filters
examined with LINA were switched according to the wind
direction. From Fig. 10, it is obvious that there is no very pro-
nounced difference in NINP between the land and ocean sec-
tors. It is, however, noticeable that the freezing curves from
the ocean sector are rather at the lower end of the measured
curves. To test whether there was a pronounced contribution
to INP from the land sector, we examined the INSEKT data
in more depth. Figure S10 shows the NINP from the INSEKT
measurements in dependence on the fraction of time sampled
from the ocean sector. No clear trend was found. A source
apportionment for INP examined in this study is therefore
difficult to do. Considering that Cyprus is only a small is-
land surrounded by the Mediterranean Sea, its effect might
be limited. Besides, for a location such as Cyprus, it is diffi-
cult to determine sources for different air masses only based
on wind direction alone.
The measured NINP in this study are within the NINP
range presented by Welti et al. (2018), who characterized
INP sampled at the Cape Verde Atmospheric Observatory
(CVAO) over a time period of 4 years (shown in Fig. 10
as yellow shadow). This is surprising as those atmospheric
aerosols at CVAO and Cyprus should be expected to be dif-
ferent. It might, however, point towards a similar background
of INP worldwide. NINP are lower than those proposed in
Fletcher (1962), while the slope is similar to that of the
Fletcher (1962) line.NINP increased exponentially from−10
to −25 ◦C, indicating the presence of a broad variety of INP,
featuring, e.g., different size, composition, and ice active sur-
face sites.
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Figure 9. (a) Derived κ values at different supersaturations. (b) κ values as a function of the corresponding dcrit. Error bar represents the 1
standard deviation.
Figure 10. NINP (measured by LINA and INSEKT) as a function
of temperature. Parameterization from Fletcher (1962) in the valid
temperature range is given for comparison, as shown in dashed line.
The yellow shadow represents the measured NINP from a ground-
based station at CVAO (Welti et al., 2018).
NINP at a particular temperature span about 1 order of
magnitude below −20 ◦C and about 2 orders of magnitude
at the warmer temperatures (T >−18 ◦C). This is consis-
tent with the previous study of O’Sullivan et al. (2018), who
carried out field measurement in northwestern Europe. Few
samples (LINA sample05, 20, 22 and INSEKT sample01, 06,
12, 13, 19, 28) showed elevated concentrations at tempera-
tures above −15 ◦C. Biological particles (e.g., bacteria, fun-
gal spores, pollen, viruses, and plant fragments) usually con-
tributed to the INP at these moderate supercooling tempera-
tures (Kanji et al., 2017; O’Sullivan et al., 2018). These high
signals observed in both instruments might have been caused
by biogenic INP, originating from Cyprus, as such high sig-
nals did not occur for the four samples from the ocean sector.
However, as there are only four samples from the ocean sec-
tor, and as no additional tests were possible with the limited
amount of sampled material, it should suffice to express this
hypothesis here.
Overall, NINP of the land samples are not clearly different
from those of the ocean samples, besides for some samples
at >−15 ◦C for which a biogenic contribution is expected.
Therefore, a contribution of INP from pollution from the air-
port is not expected. This would be in line with Chen et al.
(2018), who found that aerosol in Beijing did not contain
higher NINP during strong pollution events, compared with
clean phases.
3.4.2 Time series and PDFs
Figure 11a shows the time series of NINP during the cam-
paign. Here we present NINP derived from LINA (ocean
sector in green and land sector in red) and INSEKT (in
blue) measurements at −15, −18, and −20 ◦C. NINP var-
ied from 0.001 to 0.1, 0.004 to 0.2, and 0.03 to 0.4 std L−1
at −15, −18, and −20 ◦C, respectively. NINP varies non-
synchronously at different temperatures. Here we compared
data from different temperatures with each other and deter-
mined a regression line between them. Taking, e.g., the re-
sults from the LINA measurements, the coefficients of deter-
mination (R2) are 0.45, 0.26, and 0.0033 for −15 to −18,
−18 to −20, and −15 to −20 ◦C, indicating the different na-
tures and origins of the INP active at different temperatures.
Welti et al. (2018) found that log-normal distributions best
approximate the measured variability in concentrations at
each individual temperature. Here we used two methods to
test our NINP frequency distributions, which are both de-
scribed in more detail in the Supplement. Both methods in-
dicate that the INP distributions at −15, −18, and −20 ◦C
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Figure 11. (a) Time series and (b) PDFs of NINP at −15, −18, and −20 ◦C.
are indeed log-normally distributed. This analysis was only
done for these temperatures, as only in this temperature range
did almost all samples contribute data. As log-normally dis-
tributed NINP are indicative of the observed INP population
having undergone a series of random dilutions while being
transported (Welti et al., 2018), the performed tests yield
proof of the INP (ice active at −20≤ T ≤−15 ◦C) sampled
during our measurements originating from long-range trans-
port rather than local sources, as the proximity of sources
would cause a more strongly skewed frequency distribution
(Ott, 1990; Welti et al., 2018).
Figure 11b depicts the PDFs of NINP at different temper-
atures. Thereby, a PDF is shown if at the particular tem-
perature most of the investigated samples featured a quan-
tifiable (0< fice < 1) freezing behavior. For example, there
were three LINA-measured samples which did not freeze at
−15 ◦C (fice = 0); therefore, we do not show the PDF of
LINA-measured NINP at −15 ◦C. At −20 ◦C the data from
Welti et al. (2018) are omitted, because more than half of all
the samples were fully frozen (fice = 1). As can be seen from
Fig. 11b, our results are comparable to those given in Welti
et al. (2018) (black curves) derived from long-term measure-
ment at CVAO. Note that it is not possible to directly com-
pare the NINP measured by LINA and INSEKT, as they al-
ways had different sampling times and INSEKT always sam-
pled air from all directions, whereas LINA got it from the
different sectors separately. But in general, no systematic de-
viation can be seen, as can be seen when looking at the PDFs.
To the best of our knowledge, the only in situ observations at
−20 ◦C for supersaturated conditions (101 %) in the eastern
Mediterranean were reported by Schrod et al. (2017) during
a heavy dust plume at high altitude with 0.03 to 3 std L−1.
3.4.3 Correlation of NINP with particle number/surface
area concentration and parameterization
Scatter plots of LINA- and INSEKT-measured NINP at tem-
peratures of −15, −18, and −20 ◦C against particle num-
ber concentration in the size range > 500 nm (N>500 nm) are
shown in Fig. 12a and b. The averaged N>500nm during each
filter sample varied from 2 to 14 cm−3. The N>500 nm in this
study is much lower than that observed during the dust plume
period in Cyprus (maximum 75 cm−3 Schrod et al., 2017).
The R2 between N>500 nm and NINP are shown in Table S4.
The R2 were all below 0.25, indicating no correlation be-
tween NINP and N>500 nm.
Based on nine field studies occurring at a variety of lo-
cations over 14 years, DeMott et al. (2010) proposed a pa-
rameterization of the “global” average INP distribution. Be-
sides, Tobo et al. (2013) present a similar parameterization
method with adjusted coefficients to predict INP populations
in a forest ecosystem. Figure 12c and d compare theNINP we
measured with LINA and INSEKT to the predicted NINP on
the basis of the DeMott et al. (2010) and Tobo et al. (2013)
parameterizations. As can be seen, the DeMott et al. (2010)
parameterization overestimates the observed values by about
2 orders of magnitude on average. The Tobo et al. (2013)
parameterization can reproduce only 24 % and 25 % of the
NINP measured by LINA and INSEKT within a factor of 2,
respectively. The Tobo et al. (2013) parameterization overes-
timates the observed values by about 1 order of magnitude on
average. This, together with NINP not being correlated with
N>500 nm (see Table S4), indicates that the application of pa-
rameterizations in connection with measured particle num-
ber concentrations has to be done with extreme caution, as
the encountered particle populations may significantly dif-
fer from those considered when developing the parameteri-
zations.
Figure S12 shows the median particle surface area size dis-
tribution (PSSD) for the whole campaign (excluding the air-
Atmos. Chem. Phys., 19, 10883–10900, 2019 www.atmos-chem-phys.net/19/10883/2019/
X. Gong et al.: Cloud condensation nuclei and ice-nucleating particles in the eastern Mediterranean 10895
Figure 12. Scatter plot of NINP measured by LINA (a) and INSEKT (b) against N>500 nm. Scatter plot of NINP measured by LINA (c) and
INSEKT (d) against the NINP predicted by DeMott et al. (2010) and Tobo et al. (2013). The dashed lines outline a range of a factor of 2
about the 1 : 1 line (solid line).
port pollution events). Two different modes were observed,
i.e., a small mode (20–500 nm) and a larger mode (500–
7000 nm). Based on the PSSD, the concentrations for the to-
tal surface area of the small mode (S<500 nm), the large mode
(S>500 nm), and for both modes combined (Sall) were calcu-
lated. The S<500 nm is about 4 times higher than S>500 nm.
Scatter plots of LINA- and INSEKT-measured NINP against
S<500 nm, S>500 nm, and Sall are shown in Fig. S13a and b. The
R2 between NINP and particle surface area concentration are
shown in Table S5. The R2 are all below 0.20, indicating no
correlation between NINP and particle surface area concen-
tration.
The ice-nucleating properties of aerosol particles may be
characterized by its ice active surface site density (ns). The
ns is a measure of how well an aerosol acts as a seed surface





where S is the particle surface area concentration.
Depending on which particle size range was investigated,
previous studies calculated ns based on either the total sur-
face area concentration (Sall) or on the surface area concen-
tration of particles larger than 500 nm (S>500 nm). Here, both
approaches were used, resulting in ns_all and ns>500 nm, re-
spectively. Figure 13 shows the ns>500 nm as a black box plot
and the ns_all as a red box plot at −15, −18, and −20 ◦C.
As can be seen, ns increases towards lower temperature,
which is expected. The ns results, calculated using LINA-
and INSEKT-measured NINP, are shown in Fig. 13a and
b, respectively. The ns values determined from LINA mea-
surements are consistent with those from INSEKT measure-
ments.
To the best of our knowledge, many studies dealt with the
ns for dust aerosol particles, while no study investigated the
ns for the type of polluted aerosol we encountered in the east-
ern Mediterranean. In the following, we compare our ns_all
for the polluted aerosol on Cyprus, with ns_all based on ex-
isting parameterizations (Niemand et al., 2012; Ullrich et al.,
2017) for dust aerosols (Fig. 13). However, the ns_all values
from the parameterizations are more than 2 orders of mag-
nitude larger than the ns_all found in this study. Price et al.
(2018) carried out an airborne measurement in dust-laden air
over the tropical Atlantic. The ns_all reported in Price et al.
(2018) (shown in Fig. 13 as yellow shadow) is about 1 to 2 or-
ders of magnitude higher than our results. Based on airborne
measurement, Schrod et al. (2017) found that the ns>500 nm
at Cyprus ranged between 105 and 108 m−2 at T =−20 ◦C,
RHwater = 101 %, shown as green shadow in Fig. 13.
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Figure 13. ns>500 nm (black box plot) and ns_all (red box plot) as
a function of temperature. The results were determined based on
LINA-measured NINP in panel (a) and INSEKT-measured NINP in
panel (b). The boxes represent the interquartile range. Data not in-
cluded between the whiskers are plotted as an outlier with a star.
Two ns parameterizations (Niemand et al., 2012; Ullrich et al.,
2017) for desert dust are shown in dashed and solid line. We also
compare this to recent data from airborne measurement by Schrod
et al. (2017) and Price et al. (2018), as shown in green and yellow
shadow, respectively.
In short summary, parameterizations purely based on
N>500 nm or particle surface area concentration in mineral-
dust-dominated model systems overestimate the NINP of the
polluted aerosol we encountered on Cyprus. Although we
cannot clearly say to which extent the aerosol we observed
was influenced by anthropogenic pollution, our results here
fit to what was found in a different context, anthropogeni-
cally polluted air masses in Beijing (Chen et al., 2018), and is
based on the fact that more strongly polluted air masses have
larger numbers of particles in the size range above 500 nm
than natural ones.
4 Conclusions
The A-LIFE campaign took place in April 2017 on the island
of Cyprus to investigate the aerosols prevailing in the east-
ern Mediterranean region. As part of the A-LIFE campaign,
ground-based measurements were carried out in Paphos,
Cyprus, to characterize the abundance, properties (size dis-
tribution, hygroscopicity, ice activity), and sources of aerosol
particles in general, CCN and INP in particular.
During these activities, NPF and growth events were ob-
served. Following NPF, during some events, on timescales of
a few hours to days, particles grew into the CCN size range.
In fact, the highest observedNCCN were connected with NPF
and growth events, which confirms the importance of NPF as
a source of CCN in the eastern Mediterranean.
Usually, trimodal (Aitken, accumulation, coarse mode)
PNSDs were observed. Aitken mode particles featured low
hygroscopicities (κ values about 0.21 to 0.29), indicating the
presence of organic materials. Accumulation mode particles
featured higher κ values of about 0.57, indicating that par-
ticles in the accumulation mode underwent cloud process-
ing and aging, resulting in higher amounts of sulfate being
present. A few sea salt particles mixed with organic carbon
might also be present in the accumulation mode. The super-
micron particles were mainly from SSA and partly mineral
dust.
PDFs of κ in both the Aitken and accumulation modes
exhibit a unimodal structure, while the κ-PDFs for particle
sizes close to the Hoppel minimum feature a bimodal shape.
This indicates the presence of both non-cloud-processed
(Aitken mode) and cloud-processed (accumulation mode)
particles in the size range around the Hoppel minimum. The
average observed κ of 0.39 confirms values found in previ-
ous field measurements (Kalivitis et al., 2015) and in model
results (Pringle et al., 2010) for the Mediterranean region.
Atmospheric NINP were determined in the temperature
range from −6.5 to −26.5 ◦C, using two freezing array type
instruments (LINA, TROPOS, and INSEKT, KIT). NINP at
a particular temperature span around 1 order of magnitude
below −20 ◦C and about 2 orders of magnitude at warmer
temperatures (T >−18 ◦C). Few samples showed elevated
concentrations at temperatures T >−15 ◦C, which suggests
a significant contribution of biological particles to the INP
population, which might have originated from Cyprus. No
significant differences in NINP were found when selectively
sampling wind directions from the land or sea sector for INP
that were ice active in the temperature range between −15
and −20 ◦C. PDFs of NINP at a particular temperature fol-
low log-normal distributions. For example, at −18 ◦C, the
NINP ranged from 0.004 to 0.2 std L−1 during the campaign,
which is consistent with the previous study of Welti et al.
(2018). This indicates that these sampled INP which are
ice active below −15 ◦C originate from long-range transport
rather than local sources.
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No correlations were found between NINP and N>500 nm.
Parameterizations (DeMott et al., 2010; Tobo et al., 2013)
based on N>500 nm were found to overestimate the NINP by
about 1 to 2 orders of magnitude. There was also no corre-
lation between NINP and particle surface area concentration.
The ns for the polluted aerosol we encountered on Cyprus
was found to be 1 to 3 orders of magnitude lower than the
ns for dust aerosol particles resulting from previous studies
(Niemand et al., 2012; Ullrich et al., 2017; Price et al., 2018).
This clearly highlights that usage of such parameterizations
just based on measured particle number or surface area size
distributions is not always feasible for predictingNINP, as the
parameterizations were derived for particular aerosol types.
In other words, basing modeling efforts on, e.g., PDFs from
observed NINP, rather than on parameterizations, might be
the method of choice if the aerosol particle and/or INP com-
position are unknown.
Data availability. The data will be available through the
World Data Center PANGAEA (https://doi.pangaea.de/10.1594/
PANGAEA.904758, Gong et al., 2019) in the near future. A link to
the data can be found under this paper’s assets tab on ACP’s journal
website.
Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/acp-19-10883-2019-supplement.
Author contributions. XG wrote the manuscript with contributions
from HW, FS, KH, KK, TM, and AW. NM and TM performed par-
ticle number size distribution measurement and XG performed data
evaluation. Chemical composition measurements and data evalua-
tion were performed by KK. CCN measurements and data analysis
were performed by XG. LINA measurements and data evaluation
were performed by XG. INSEKT measurements and data evalua-
tion were performed by BD, TS, KH, and XG. XG, HW, and FS
discussed the results and did further analysis after the campaign.
All the co-authors proofread and commented on the manuscript.
Competing interests. The authors declare that they have no conflict
of interest.
Acknowledgements. The works were carried out in the framework
of the A-LIFE project. This project has received funding from the
European Research Council (ERC) under the European Union’s
Horizon 2020 research and innovation program under grant agree-
ment no. 640458. We would like to thank Umar Javed from the In-
stitute of Energy and Climate Research, Troposphere (IEK-8), and
Anywhere Tsokankunku from the Max Planck Institute for Chem-
istry for providing the NOx data. Konrad Kandler is funded by the
Deutsche Forschungsgemeinschaft (DFG, German Research Foun-
dation) – 264907654, 264912134, 378741973, 416816480.
Financial support. The publication of this article was funded by the
Open Access Fund of the Leibniz Association.
Review statement. This paper was edited by Pedro Jimenez-
Guerrero and reviewed by two anonymous referees.
References
Agresti, A. and Coull, B. A.: Approximate is Better
than “Exact” for Interval Estimation of Binomial Pro-
portions, The American Statistician, 52, 119–126,
https://doi.org/10.1080/00031305.1998.10480550, 1998.
Bougiatioti, A., Nenes, A., Fountoukis, C., Kalivitis, N., Pandis, S.
N., and Mihalopoulos, N.: Size-resolved CCN distributions and
activation kinetics of aged continental and marine aerosol, At-
mos. Chem. Phys., 11, 8791–8808, https://doi.org/10.5194/acp-
11-8791-2011, 2011.
Bougiatioti, A., Zarmpas, P., Koulouri, E., Antoniou, M., Theodosi,
C., Kouvarakis, G., Saarikoski, S., Mäkelä, T., Hillamo, R., and
Mihalopoulos, N.: Organic, elemental and water-soluble organic
carbon in size segregated aerosols, in the marine boundary layer
of the Eastern Mediterranean, Atmos. Environ., 64, 251–262,
https://doi.org/10.1016/j.atmosenv.2012.09.071, 2013.
Bougiatioti, A., Bezantakos, S., Stavroulas, I., Kalivitis, N.,
Kokkalis, P., Biskos, G., Mihalopoulos, N., Papayannis, A.,
and Nenes, A.: Biomass-burning impact on CCN number, hy-
groscopicity and cloud formation during summertime in the
eastern Mediterranean, Atmos. Chem. Phys., 16, 7389–7409,
https://doi.org/10.5194/acp-16-7389-2016, 2016.
Budke, C. and Koop, T.: BINARY: an optical freezing ar-
ray for assessing temperature and time dependence of het-
erogeneous ice nucleation, Atmos. Meas. Tech., 8, 689–703,
https://doi.org/10.5194/amt-8-689-2015, 2015.
Chen, J., Wu, Z., Augustin-Bauditz, S., Grawe, S., Hart-
mann, M., Pei, X., Liu, Z., Ji, D., and Wex, H.: Ice-
nucleating particle concentrations unaffected by urban air pol-
lution in Beijing, China, Atmos. Chem. Phys., 18, 3523–3539,
https://doi.org/10.5194/acp-18-3523-2018, 2018.
Chester, R., Nimmo, M., Alarcon, M., Saydam, C., Murphy, K.,
Sanders, G., and Corcoran, P.: Defining the chemical character
of aerosols from the atmosphere of the Mediterranean-Sea and
surrounding regions, Oceanol. Acta, 16, 231–246, 1993.
Claeys, M., Roberts, G., Mallet, M., Arndt, J., Sellegri, K., Sciare,
J., Wenger, J., and Sauvage, B.: Optical, physical and chem-
ical properties of aerosols transported to a coastal site in the
western Mediterranean: a focus on primary marine aerosols, At-
mos. Chem. Phys., 17, 7891–7915, https://doi.org/10.5194/acp-
17-7891-2017, 2017.
Dal Maso, M., Kulmala, M., Riipinen, I., Wagner, R., Hussein, T.,
Aalto, P. P., and Lehtinen, K. E.: Formation and growth of fresh
atmospheric aerosols: eight years of aerosol size distribution data
from SMEAR II, Hyytiala, Finland, Boreal Environ. Res., 10,
323–336, 2005.
DeMott, P. J., Prenni, A. J., Liu, X., Kreidenweis, S. M., Petters,
M. D., Twohy, C. H., Richardson, M. S., Eidhammer, T., and
Rogers, D. C.: Predicting global atmospheric ice nuclei distribu-
www.atmos-chem-phys.net/19/10883/2019/ Atmos. Chem. Phys., 19, 10883–10900, 2019
10898 X. Gong et al.: Cloud condensation nuclei and ice-nucleating particles in the eastern Mediterranean
tions and their impacts on climate, P. Natl. Acad. Sci. USA, 107,
11217–11222, https://doi.org/10.1073/pnas.0910818107, 2010.
Fan, J., Wang, Y., Rosenfeld, D., and Liu, X.: Review of Aerosol–
Cloud Interactions: Mechanisms, Significance, and Challenges,
J. Atmos. Sci., 73, 4221–4252, https://doi.org/10.1175/jas-d-16-
0037.1, 2016.
Fletcher, N. H.: The physics of rainclouds, Cambridge University
Press, New York, 1962.
Giorgi, F. and Lionello, P.: Climate change projections for the
Mediterranean region, Global Planet. Change, 63, 90–104,
https://doi.org/10.1016/j.gloplacha.2007.09.005, 2008.
Gong, X. Wex, H., Müller, T., Wiedensohler, A., Höhler, K., Kan-
dler, K., Ma, N., Dietel, B., Schiebel, T., Möhler, O., Stratmann,
F.: Ground-based measurements on aerosol particles at Paphos,
Cyprus, in March–April 2017, PANGAEA, https://doi.pangaea.
de/10.1594/PANGAEA.904758, last access: 16 August 2019.
Gysel, M. and Stratmann, F.: WP3 – NA3: In-situ chemi-
cal, physical and optical properties of aerosols, Deliverable
D3.11: Standardized protocol for CCN measurements,
Tech. rep., available at: http://www.actris.net/Publications/
ACTRISQualityStandards/tabid/11271/language/en-GB/
Default.aspx (last access: 18 August 2019), 2013.
Herenz, P., Wex, H., Henning, S., Kristensen, T. B., Rubach, F.,
Roth, A., Borrmann, S., Bozem, H., Schulz, H., and Strat-
mann, F.: Measurements of aerosol and CCN properties in the
Mackenzie River delta (Canadian Arctic) during spring–summer
transition in May 2014, Atmos. Chem. Phys., 18, 4477-4496,
https://doi.org/10.5194/acp-18-4477-2018, 2018.
Hiranuma, N., Augustin-Bauditz, S., Bingemer, H., Budke, C., Cur-
tius, J., Danielczok, A., Diehl, K., Dreischmeier, K., Ebert, M.,
Frank, F., Hoffmann, N., Kandler, K., Kiselev, A., Koop, T., Leis-
ner, T., Möhler, O., Nillius, B., Peckhaus, A., Rose, D., Wein-
bruch, S., Wex, H., Boose, Y., DeMott, P. J., Hader, J. D., Hill,
T. C. J., Kanji, Z. A., Kulkarni, G., Levin, E. J. T., McCluskey,
C. S., Murakami, M., Murray, B. J., Niedermeier, D., Petters, M.
D., O’Sullivan, D., Saito, A., Schill, G. P., Tajiri, T., Tolbert, M.
A., Welti, A., Whale, T. F., Wright, T. P., and Yamashita, K.: A
comprehensive laboratory study on the immersion freezing be-
havior of illite NX particles: a comparison of 17 ice nucleation
measurement techniques, Atmos. Chem. Phys., 15, 2489–2518,
https://doi.org/10.5194/acp-15-2489-2015, 2015.
Hoppel, W., Frick, G., and Larson, R.: Effect of nonprecip-
itating clouds on the aerosol size distribution in the ma-
rine boundary layer, Geophys. Res. Lett., 13, 125–128,
https://doi.org/10.1029/GL013i002p00125, 1986.
Hudda, N. and Fruin, S. A.: International Airport Impacts to Air
Quality: Size and Related Properties of Large Increases in Ultra-
fine Particle Number Concentrations, Environ. Sci. Technol., 50,
3362–3370, https://doi.org/10.1021/acs.est.5b05313, 2016.
Jasinski, R. and Przylebska, K.: Analysis of the particle size
distribution near the civil airport runway, IOP Conference
Series: Materials Science and Engineering, 421, 042030,
https://doi.org/10.1088/1757-899x/421/4/042030, 2018.
Kalivitis, N., Kerminen, V.-M., Kouvarakis, G., Stavroulas, I.,
Bougiatioti, A., Nenes, A., Manninen, H. E., Petäjä, T., Kul-
mala, M., and Mihalopoulos, N.: Atmospheric new particle
formation as a source of CCN in the eastern Mediterranean
marine boundary layer, Atmos. Chem. Phys., 15, 9203–9215,
https://doi.org/10.5194/acp-15-9203-2015, 2015.
Kandler, K., Schneiders, K., Ebert, M., Hartmann, M., Wein-
bruch, S., Prass, M., and Pöhlker, C.: Composition and mix-
ing state of atmospheric aerosols determined by electron mi-
croscopy: method development and application to aged Saharan
dust deposition in the Caribbean boundary layer, Atmos. Chem.
Phys., 18, 13429–13455, https://doi.org/10.5194/acp-18-13429-
2018, 2018.
Kanji, Z. A., Ladino, L. A., Wex, H., Boose, Y., Burkert-
Kohn, M., Cziczo, D. J., and Krämer, M.: Overview
of Ice Nucleating Particles, Meteor. Mon., 58, 1.1–1.33,
https://doi.org/10.1175/amsmonographs-d-16-0006.1, 2017.
Köhler, H.: The nucleus in and the growth of hygroscopic droplets,
T. Faraday Soc., 32, 1152–1161, 1936.
Kristensen, T. B., Müller, T., Kandler, K., Benker, N., Hartmann,
M., Prospero, J. M., Wiedensohler, A., and Stratmann, F.: Prop-
erties of cloud condensation nuclei (CCN) in the trade wind
marine boundary layer of the western North Atlantic, Atmos.
Chem. Phys., 16, 2675–2688, https://doi.org/10.5194/acp-16-
2675-2016, 2016.
Lelieveld, J., Berresheim, H., Borrmann, S., Crutzen, P. J., Den-
tener, F. J., Fischer, H., Feichter, J., Flatau, P. J., Heland,
J., Holzinger, R., Korrmann, R., Lawrence, M. G., Levin, Z.,
Markowicz, K. M., Mihalopoulos, N., Minikin, A., Ramanathan,
V., de Reus, M., Roelofs, G. J., Scheeren, H. A., Sciare, J.,
Schlager, H., Schultz, M., Siegmund, P., Steil, B., Stephanou,
E. G., Stier, P., Traub, M., Warneke, C., Williams, J., and Ziereis,
H.: Global Air Pollution Crossroads over the Mediterranean, Sci-
ence, 298, 794–799, https://doi.org/10.1126/science.1075457,
2002.
Mallet, M., Dulac, F., Formenti, P., Nabat, P., Sciare, J., Roberts,
G., Pelon, J., Ancellet, G., Tanré, D., Parol, F., Denjean, C.,
Brogniez, G., di Sarra, A., Alados-Arboledas, L., Arndt, J., Au-
riol, F., Blarel, L., Bourrianne, T., Chazette, P., Chevaillier, S.,
Claeys, M., D’Anna, B., Derimian, Y., Desboeufs, K., Di Iorio,
T., Doussin, J.-F., Durand, P., Féron, A., Freney, E., Gaimoz, C.,
Goloub, P., Gómez-Amo, J. L., Granados-Muñoz, M. J., Grand,
N., Hamonou, E., Jankowiak, I., Jeannot, M., Léon, J.-F., Maillé,
M., Mailler, S., Meloni, D., Menut, L., Momboisse, G., Nico-
las, J., Podvin, T., Pont, V., Rea, G., Renard, J.-B., Roblou,
L., Schepanski, K., Schwarzenboeck, A., Sellegri, K., Sicard,
M., Solmon, F., Somot, S., Torres, B., Totems, J., Triquet, S.,
Verdier, N., Verwaerde, C., Waquet, F., Wenger, J., and Zapf,
P.: Overview of the Chemistry-Aerosol Mediterranean Exper-
iment/Aerosol Direct Radiative Forcing on the Mediterranean
Climate (ChArMEx/ADRIMED) summer 2013 campaign, At-
mos. Chem. Phys., 16, 455–504, https://doi.org/10.5194/acp-16-
455-2016, 2016.
Mamouri, R.-E., Ansmann, A., Nisantzi, A., Solomos, S., Kallos,
G., and Hadjimitsis, D. G.: Extreme dust storm over the eastern
Mediterranean in September 2015: satellite, lidar, and surface ob-
servations in the Cyprus region, Atmos. Chem. Phys., 16, 13711–
13724, https://doi.org/10.5194/acp-16-13711-2016, 2016.
Niemand, M., Möhler, O., Vogel, B., Vogel, H., Hoose, C., Con-
nolly, P., Klein, H., Bingemer, H., DeMott, P., Skrotzki, J., and
Leisner, T.: A Particle-Surface-Area-Based Parameterization of
Immersion Freezing on Desert Dust Particles, J. Atmos. Sci., 69,
3077–3092, https://doi.org/10.1175/jas-d-11-0249.1, 2012.
O’Sullivan, D., Adams, M. P., Tarn, M. D., Harrison, A. D.,
Vergara-Temprado, J., Porter, G. C. E., Holden, M. A., Sanchez-
Atmos. Chem. Phys., 19, 10883–10900, 2019 www.atmos-chem-phys.net/19/10883/2019/
X. Gong et al.: Cloud condensation nuclei and ice-nucleating particles in the eastern Mediterranean 10899
Marroquin, A., Carotenuto, F., Whale, T. F., McQuaid, J. B.,
Walshaw, R., Hedges, D. H. P., Burke, I. T., Cui, Z., and Mur-
ray, B. J.: Contributions of biogenic material to the atmospheric
ice-nucleating particle population in North Western Europe, Sci.
Rep.-UK, 8, 13821, https://doi.org/10.1038/s41598-018-31981-
7, 2018.
Ott, D. K. and Peters, T. M.: A Shelter to Protect a Passive Sam-
pler for Coarse Particulate Matter, PM10−2.5, Aerosol Sci. Tech-
nol., 42, 299–309, https://doi.org/10.1080/02786820802054236,
2008.
Ott, W. R.: A Physical Explanation of the Lognormality of Pollutant
Concentrations, J. Air Waste Manage. Assoc., 40, 1378–1383,
https://doi.org/10.1080/10473289.1990.10466789, 1990.
Pace, G., Meloni, D., and Di Sarra, A.: Forest fire aerosol over
the Mediterranean basin during summer 2003, J. Geophys. Res.-
Atmos., 110, https://doi.org/10.1029/2005JD005986, 2005.
Petters, M. D. and Kreidenweis, S. M.: A single parameter
representation of hygroscopic growth and cloud condensa-
tion nucleus activity, Atmos. Chem. Phys., 7, 1961–1971,
https://doi.org/10.5194/acp-7-1961-2007, 2007.
Pfeifer, S., Müller, T., Weinhold, K., Zikova, N., Martins dos
Santos, S., Marinoni, A., Bischof, O. F., Kykal, C., Ries,
L., Meinhardt, F., Aalto, P., Mihalopoulos, N., and Wieden-
sohler, A.: Intercomparison of 15 aerodynamic particle size
spectrometers (APS 3321): uncertainties in particle sizing and
number size distribution, Atmos. Meas. Tech., 9, 1545–1551,
https://doi.org/10.5194/amt-9-1545-2016, 2016.
Piazzola, J. and Despiau, S.: Contribution of marine aerosols
in the particle size distributions observed in Mediter-
ranean coastal zone, Atmos. Environ., 31, 2991–3009,
https://doi.org/10.1016/S1352-2310(97)00088-5, 1997.
Prather, K. A., Bertram, T. H., Grassian, V. H., Deane, G. B.,
Stokes, M. D., DeMott, P. J., Aluwihare, L. I., Palenik, B. P.,
Azam, F., Seinfeld, J. H., Moffet, R. C., Molina, M. J., Cappa,
C. D., Geiger, F. M., Roberts, G. C., Russell, L. M., Ault,
A. P., Baltrusaitis, J., Collins, D. B., Corrigan, C. E., Cuadra-
Rodriguez, L. A., Ebben, C. J., Forestieri, S. D., Guasco,
T. L., Hersey, S. P., Kim, M. J., Lambert, W. F., Modini,
R. L., Mui, W., Pedler, B. E., Ruppel, M. J., Ryder, O. S.,
Schoepp, N. G., Sullivan, R. C., and Zhao, D.: Bringing the
ocean into the laboratory to probe the chemical complexity of
sea spray aerosol, P. Natl. Acad. Sci. USA, 110, 7550–7555,
https://doi.org/10.1073/pnas.1300262110, 2013.
Price, H. C., Baustian, K. J., McQuaid, J. B., Blyth, A., Bower,
K. N., Choularton, T., Cotton, R. J., Cui, Z., Field, P. R.,
Gallagher, M., Hawker, R., Merrington, A., Miltenberger, A.,
Neely III, R. R., Parker, S. T., Rosenberg, P. D., Taylor, J. W.,
Trembath, J., Vergara-Temprado, J., Whale, T. F., Wilson, T. W.,
Young, G., and Murray, B. J.: Atmospheric Ice-Nucleating Par-
ticles in the Dusty Tropical Atlantic, J. Geophys. Res.-Atmos.,
123, 2175–2193, https://doi.org/10.1002/2017JD027560, 2018.
Pringle, K. J., Tost, H., Pozzer, A., Pöschl, U., and Lelieveld, J.:
Global distribution of the effective aerosol hygroscopicity pa-
rameter for CCN activation, Atmos. Chem. Phys., 10, 5241–
5255, https://doi.org/10.5194/acp-10-5241-2010, 2010.
Pruppacher, H. and Klett, J.: Microphysics of Clouds and Precipi-
tation, vol. 18, Springer Science & Business Media, Dordrecht,
2010.
Rinaldi, M., Santachiara, G., Nicosia, A., Piazza, M., Decesari,
S., Gilardoni, S., Paglione, M., Cristofanelli, P., Marinoni, A.,
Bonasoni, P., and Belosi, F.: Atmospheric Ice Nucleating Par-
ticle measurements at the high mountain observatory Mt. Ci-
mone (2165 m a.s.l., Italy), Atmos. Environ., 171, 173–180,
https://doi.org/10.1016/j.atmosenv.2017.10.027, 2017.
Roberts, G. C. and Nenes, A.: A Continuous-Flow Stream-
wise Thermal-Gradient CCN Chamber for Atmospheric
Measurements, Aerosol Sci. Technol., 39, 206–221,
https://doi.org/10.1080/027868290913988, 2005.
Rodríguez, S., Querol, X., Alastuey, A., and Plana, F.:
Sources and processes affecting levels and composition
of atmospheric aerosol in the western Mediterranean,
J. Geophys. Res.-Atmos., 107, AAC 12-1–AAC 12-14,
https://doi.org/10.1029/2001JD001488, 2002.
Rolph, G.: Real-time environmental applications and display sys-
tem (READY) website, available at: https://www.ready.noaa.
gov/index.php (last access: 15 August 2019), 2003.
Rose, D., Gunthe, S. S., Mikhailov, E., Frank, G. P., Dusek, U.,
Andreae, M. O., and Pöschl, U.: Calibration and measurement
uncertainties of a continuous-flow cloud condensation nuclei
counter (DMT-CCNC): CCN activation of ammonium sulfate
and sodium chloride aerosol particles in theory and experiment,
Atmos. Chem. Phys., 8, 1153–1179, https://doi.org/10.5194/acp-
8-1153-2008, 2008.
Salameh, T., Drobinski, P., Menut, L., Bessagnet, B., Flamant,
C., Hodzic, A., and Vautard, R.: Aerosol distribution over the
western Mediterranean basin during a Tramontane/Mistral event,
Ann. Geophys., 25, 2271–2291, https://doi.org/10.5194/angeo-
25-2271-2007, 2007.
Sandrini, S., van Pinxteren, D., Giulianelli, L., Herrmann, H.,
Poulain, L., Facchini, M. C., Gilardoni, S., Rinaldi, M., Paglione,
M., Turpin, B. J., Pollini, F., Bucci, S., Zanca, N., and Dece-
sari, S.: Size-resolved aerosol composition at an urban and a
rural site in the Po Valley in summertime: implications for
secondary aerosol formation, Atmos. Chem. Phys., 16, 10879–
10897, https://doi.org/10.5194/acp-16-10879-2016, 2016.
Schladitz, A., Müller, T., Nowak, A., Kandler, K., Lieke,
K., Massling, A., and Wiedensohler, A.: In situ aerosol
characterization at Cape Verde, Tellus B, 63, 531–548,
https://doi.org/10.1111/j.1600-0889.2011.00569.x, 2011.
Schrod, J., Weber, D., Drücke, J., Keleshis, C., Pikridas, M., Ebert,
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S1 Instrumentation


























Figure S1. A schematic diagram of the measurement system and flow rate partitioning to the measurement devices. Indicated by the word
"Switch" is a computer-based system that switched between two filters according to wind directions. The on-line instruments discussed in
this paper are marked with red background. MPSS, APS and CCNc represent Mobility Particle Size Spectrometer, Aerodynamic Particle
Sizer and Cloud Condensation Nuclei counter, respectively.
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S2 Accounting for particle losses
The particle losses related to the transport of aerosol particles within the inlet tube system are determined using the Particle
Loss Calculator (PLC) (von der Weiden et al., 2009). Size-dependent particle losses due to diffusion, sedimentation, turbulent
inertial deposition, inertial deposition in a bend, and inertial deposition in a contraction are accounted for. The result is shown
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 Calculated Particle Loss
Figure S2. Size-dependent particle loss through the inlet.
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S3 Filter sample information and pre-experiment
Table S1. The information of TROPOS filter samples, including the sample number, start time, start flow, stop time, end flow, duration and
status.
Sample number Start time (UTC) Start flow (L min−1) Stop time (UTC) End flow (L min−1) Duration (h) Status
Sample 01 2017/04/06 07:50:00 10.76 2017/4/09 06:10:00 9.95 23.07 Ocean sector
Sample 02 - - - - - Blind filter
Sample 03 2017/04/07 09:50:00 10.00 2017/4/09 06:10:00 7.92 26.09 Land sector
Sample 04 2017/04/09 07:30:00 10.61 2017/4/14 06:30:00 12.10 23.76 Ocean sector
Sample 05 2017/04/09 07:30:00 9.85 2017/4/10 06:20:00 8.74 22.63 Land sector
Sample 07 2017/04/11 07:00:00 9.73 2017/4/12 06:30:00 8.89 22.00 Land sector
Sample 08 2017/04/12 07:00:00 9.86 2017/4/14 06:30:00 8.68 25.65 Land sector
Sample 09 2017/04/14 07:50:00 9.83 2017/4/18 07:10:00 4.19 20.65 Ocean sector
Sample 10 2017/04/14 07:50:00 9.55 2017/4/15 06:20:00 6.11 21.04 Land sector
Sample 11 2017/04/15 06:40:00 9.80 2017/4/16 06:40:00 8.79 23.73 Land sector
Sample 12 2017/04/16 07:00:00 9.67 2017/4/18 11:00:00 7.74 18.21 Land sector
Sample 13 2017/04/18 07:30:00 9.68 2017/4/21 08:00:00 8.4 20.87 Ocean sector
Sample 14 2017/04/18 11:20:00 9.60 2017/4/19 09:40:00 8.12 18.12 Land sector
Sample 15 2017/04/19 09:50:00 9.49 2017/4/20 09:20:00 9.07 19.83 Land sector
Sample 16 2017/04/20 09:40:00 9.70 2017/4/22 06:30:00 9.34 26.20 Land sector
Sample 17 - - - - - Blind filter
Sample 18 2017/04/22 06:40:00 9.74 2017/4/23 06:20:00 8.28 22.20 Land sector
Sample 19 2017/04/23 06:40:00 9.53 2017/4/24 06:20:00 7.95 23.05 Land sector
Sample 20 2017/04/24 06:40:00 9.65 2017/4/25 06:20:00 8.08 23.61 Land sector
Sample 21 2017/04/25 06:40:00 9.65 2017/4/26 09:40:00 8.71 20.42 Land sector
Sample 22 2017/04/26 09:50:00 9.65 2017/4/27 06:50:00 8.91 20.95 Land sector
Sample 23 2017/04/27 07:00:00 9.67 2017/4/28 06:30:00 8.11 22.95 Land sector
Sample 24 2017/04/28 06:40:00 9.57 2017/4/29 06:20:00 6.67 23.16 Land sector
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Table S2. The information of KIT filter samples, including the sample number, start time, stop time, flow and duration.
Sample number Start time (UTC) Stop time (UTC) Flow (L min−1) Duration (h)
Sample01 2017/04/02 13:00:00 2017/04/02 17:00:00 15 4.00
Sample02 2017/04/03 07:08:00 2017/04/03 15:13:00 15 8.08
Sample04 2017/04/04 07:29:00 2017/04/04 15:17:00 15 7.80
Sample06 2017/04/05 07:34:00 2017/04/05 15:36:00 15 8.03
Sample08 2017/04/06 08:06:00 2017/04/06 13:58:00 15 5.87
Sample10 2017/04/07 07:31:00 2017/04/07 15:40:00 15 8.15
Sample11 2017/04/08 08:20:00 2017/04/08 16:20:00 15 8.00
Sample12 2017/04/09 09:35:00 2017/04/09 17:35:00 15 8.00
Sample13 2017/04/10 07:30:00 2017/04/10 15:30:00 15 8.00
Sample14 2017/04/11 08:30:00 2017/04/11 16:30:00 15 8.00
Sample15 2017/04/12 07:35:00 2017/04/12 15:35:00 15 8.00
Sample16 2017/04/13 07:35:00 2017/04/13 15:35:00 15 8.00
Sample17 2017/04/14 07:35:00 2017/04/14 15:35:00 15 8.00
Sample18 2017/04/15 07:35:00 2017/04/15 15:35:00 15 8.00
Sample19 2017/04/16 07:35:00 2017/04/16 15:35:00 15 8.00
Sample20 2017/04/17 07:43:00 2017/04/17 15:43:00 15 8.00
Sample21 2017/04/18 07:43:00 2017/04/18 15:43:00 15 8.00
Sample22 2017/04/19 07:43:00 2017/04/19 15:43:00 15 8.00
Sample23 2017/04/20 07:43:00 2017/04/20 15:43:00 15 8.00
Sample24 2017/04/21 07:43:00 2017/04/21 15:43:00 15 8.00
Sample25 2017/04/22 06:55:00 2017/04/22 14:20:00 15 7.42
Sample27 2017/04/23 07:15:00 2017/04/23 15:15:00 15 8.00
Sample28 2017/04/24 06:42:00 2017/04/24 14:42:00 15 8.00
Sample30 2017/04/25 07:26:00 2017/04/25 15:26:00 15 8.00
Sample32 2017/04/26 07:32:00 2017/04/26 15:32:00 15 8.00
5
When data evaluation was started for this set of samples, tests were made (as these were the first atmospheric samples on
polycarbonate for which we did an analysis). A set of measurements was done in which filters were washed off with 1 mL of
ultrapure water, first. This was done by shaking the centrifuge tube in which filter and water were situated. From this, 0.1 mL
was used for a first analysis, directly taken from the tube in which the shaking had been done. Then 9.1 mL were added to the
tube and the sample was shaken again, followed by a second analysis. The results from both dilutions can be seen in Fig. S3,5
and data in the overlapping temperature region are well in agreement. Based on this, we decided to use only 1 mL for washing,
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Figure S3. NINP measured by LINA as a function of temperature. The solid triangles and hollow circles show NINP from the samples washed
with 1 mL and 10 mL ultrapure water, respectively.
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Figure S4. Wind rose based on 10 minutes mean of wind speed and direction measured at the station for whole campaign.
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S5 Correlation of NOx and Ntotal
Fig. S5 shows the scatter plot of Ntotal against NOx. A good correlation (R2=0.62) was found between extremely high con-
centrations of NOx and Ntotal (upper panel in Fig. S5). No correlation was observed at lower concentrations of NOx and Ntotal









































Figure S5. Scatter plot of Ntotal versus NOx. R2 and fitting function are given in the panels.
S6 Identification of pollution periods5
Fig. S6 shows the measured super-micron PNSDs as contour plot, together with NOx information from 06:00 UTC 16 to 00:00
UTC 18 April. Pollution events were identified based on the PNSDs. The criteria are, first of all, the appearance of a distinct
ultrafine particle mode with a dN/dlogDp value large than 3000 cm−3 at 15 nm. Secondly, the ultrafine particle mode featured
similar PNSDs, without any sign of growth.
The resulting PNSDs during the pollution events featured a pronounced mode with a maximum at about 15 nm (median10
dN/dlogDp value larger than 104 cm−3). Three pollution periods were observed in the example shown here, i.e., from 18:10
8
to 22:20 UTC 16 Apr, 04:50 to 05:10 UCT, 17:30 to 20:50 UTC 17 Apr. During the pollution periods, high concentrations of
NOx were also observed.
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Figure S7. Wind rose based on 10 minutes average of wind speed and direction measured at the station for pollution periods.
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S7 Filter background and measurement uncertainty
As shown in Fig. S8, the background of LINA and INSEKT measurement is tested. The ultrapure water droplets started to
freeze at −20 ◦C. Compared to the ultrapure water, the frozen fraction (fice) curve from blind filters washed with ultrapure
water is shifted approx 1 ◦C towards higher temperatures. The fice curves determined for atmospheric filter samples are clearly
above those obtained for the blind filters, while the fice of 225- and 3375-fold dilutions of the filter washing water is close to5
that of ultrapure water.
For the subtraction of background, we used the same method as proposed by Umo et al. (2015). Thereto, the cumulative
concentration of INP per air volume determined for the blind filters (KTblind) was subtracted from that for filter samples
(KTfilter):
NINP =KTfilter −KTblind (1)10
















where z2α/2 is the standard score at a confidence level α/2, which for a 95% confidence interval is 1.96. n is the droplet number
of each experiment.
The uncertainty of NINP is calculated based on the uncertainty of the fice as we outlined above. The error bar in Fig. S915
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Temperature [ºC]
 Sample01 Ocean Sector
 Sample03 Land Sector
 Sample04 Ocean Sector
 Sample05 Land Sector
 Sample07 Land Sector
 Sample08 Land Sector
 Sample09 Ocean Sector
 Sample10 Land Sector
 Sample11 Land Sector
 Sample12 Land Sector
 Sample13 Land Sector
 Sample14 Land Sector
 Sample15 Land Sector
 Sample16 Land Sector
 Sample18 Land Sector
 Sample19 Land Sector
 Sample20 Land Sector
 Sample21 Land Sector
 Sample22 Land Sector
 Sample23 Land Sector
 Sample24 Land Sector
 Ultrapure Water
 Washed blind Filter
(a)
(b)
Figure S8. The fice of washed filter samples, together with background signals of ultrapure water and ultrapure water washed blind filter
samples of LINA (a) and INSEKT (b) measurement results. For INSEKT, only a subset of all samples is shown exemplarily, to enable seeing
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Temperature [ºC]
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 INSEKT
Figure S9. NINP measured by LINA (black) and INSEKT (blue) as a function of temperature. For comparison, the LINA and INSEKT results
here were both sampled on 14 April. The error bar shows the 95% confidence interval in NINP.
12
























Ratio of time sampling from ocean sector
 Temperature -15 ºC
 Temperature -18 ºC
 Temperature -20 ºC
Figure S10. Scatter plot of NINP (measured by INSEKT) versus the ratio of time sampling from the ocean sector at −15, −18 and −20 ◦C.
S9 Log-normal distribution of NINP test
Here we used two methods to test ourNINP frequency distributions. The quantile-quantile plot was originally proposed by Wilk
and Gnanadesikan (1968) to compare two distributions by plotting quantiles of one versus quantiles of the other. Here, we plot
logarithmic NINP at −18 ◦C versus a standard normal distribution, as shown in Fig. S11. The measured NINP is close to the5
reference line, indicating that the NINP follows the log-normal distribution. Note that the quantile-quantile plot provides only a
rough measure how similar the compared distributions are.
Table S3. Lillifors test results.
Temperature LINA INSEKT
h p h p
−15 ◦C 0 0.3455 0 0.4461
−18 ◦C 0 0.1810 0 0.1400
−20 ◦C 0 0.0355 0 0.5000
Furthermore, we used the Lilliefors test (Lilliefors, 1967) to determine if the observed NINP frequency distributions follow a
log-normal distribution. In statistics, the Lilliefors test is a normality test based on the Kolmogorov-Smirnov test (Sachs, 2012).
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 Reference line
Figure S11. The quantile-quantile plot of logarithmic NINP measured by LINA and INSEKT at −18 ◦C with a random normal distribution.
parameters (mean and standard deviation) of the normal distribution. Results (h-value and p-value) of the carried out Lilliefors
tests are shown in Tab. S3. A return value of h = 0 indicates that the logarithmicNINP (measured by LINA and INSEKT) follow
normal distributions at −15, −18 and −20 ◦C. As log-normally distributedNINP are indicative for the observed INP population
having undergone a series of random dilutions while being transported (Welti et al., 2018), the performed Lilliefors tests yield
additional prove for the INP sampled during our measurements originating from long-range transport rather than local sources.5
S10 Correlation of NINP with particle number/surface area concentration
Table S4. Coefficient of determination (R2) of LINA and INSEKT measured NINP with N>500nm.
Temperature LINA INSEKT
−15 ◦C 0.0877 0.0277
−18 ◦C 0.2369 0.0602
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Figure S12. The median PSSD (excluding airport pollution period) during the whole campaign. The error bar indicates the range between


































































Figure S13. Scatter plot of NINP (measured by LINA (a) and INSEKT (b)) against Sall, S1, S2 at −15, −18 and −20 ◦C.
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Table S5. R2 of LINA and INSEKT measured NINP with particle surface area concentration.
Temperature LINA INSEKT
Sall S1 S2 Sall S1 S2
−15 ◦C 0.0009 0.0011 0.0319 0.0016 0.0153 0.0055
−18 ◦C 0.0002 0.0905 0.1945 0.0059 0.0079 0.0521
−20 ◦C 0.0001 0.0852 0.1255 0.0395 0.0362 0.0057
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Abstract. In the framework of the MarParCloud (Marine
biological production, organic aerosol particles and marine
clouds: a Process Chain) project, measurements were carried
out on the islands of Cabo Verde (a.k.a. Cape Verde) to in-
vestigate the abundance, properties and sources of aerosol
particles in general, and cloud condensation nuclei (CCN) in
particular, both close to sea level and at the cloud level.
A thorough comparison of particle number concentra-
tion (PNC), particle number size distribution (PNSD) and
CCN number concentration (NCCN) at the Cape Verde At-
mospheric Observatory (CVAO, sea-level station) and Monte
Verde (MV, cloud-level station) reveals that during times
without clouds the aerosols at CVAO and MV are similar
and the boundary layer is generally well mixed. Therefore,
data obtained at CVAO can be used to describe the aerosol
particles at cloud level. Cloud events were observed at MV
during roughly 58 % of the time, and during these events a
large fraction of particles was activated to cloud droplets.
A trimodal parameterization method was deployed to char-
acterize PNC at CVAO. Based on number concentrations in
different aerosol modes, four well-separable types of PNSDs
were found, which were named the marine type, mixture
type, dust type1 and dust type2. Aerosol particles differ de-
pending on their origins. When the air masses came from the
Atlantic Ocean, sea spray can be assumed to be one source
for particles besides new particle formation. For these air
masses, PNSDs featured the lowest number concentration
in Aitken, accumulation and coarse modes. Particle number
concentrations for sea spray aerosol (SSA, i.e., the coarse
mode for these air masses) accounted for about 3.7 % of
NCCN,0.30 % (CCN number concentration at 0.30 % super-
saturation) and about 1.1 % to 4.4 % of Ntotal (total parti-
cle number concentration). When the air masses came from
the Sahara, we observed enhanced Aitken, accumulation and
coarse mode particle number concentrations and overall in-
creased NCCN; NCCN,0.30 % during the strongest observed
dust periods is about 2.5 times higher than that during ma-
rine periods. However, the particle hygroscopicity parameter
κ for these two most different periods shows no significant
difference and is generally similar, independent of air mass.
Overall, κ averaged 0.28, suggesting the presence of or-
ganic material in particles. This is consistent with previous
model work and field measurements. There is a slight in-
crease in κ with increasing particle size, indicating the ad-
dition of soluble, likely inorganic, material during cloud pro-
cessing.
1 Introduction
Clouds in the atmosphere are formed when excess water va-
por condenses on aerosol particles that serve as cloud con-
densation nuclei (CCN). Back in the 1970s, Twomey (1974)
described that an increase in the number of aerosol parti-
cles that activate to clouds led to more but smaller droplets.
Albrecht (1989) suggested that smaller droplets then cause
suppression in the formation of precipitation, leading to a
prolonged cloud lifetime. Both of these effects enhance the
shortwave reflection of clouds, i.e., they lead to a cooling of
the atmosphere. In particular, warm low-level clouds located
in the boundary layer constitute an important role in the cool-
Published by Copernicus Publications on behalf of the European Geosciences Union.
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ing effects due to their abundance and strong cloud albedo
effect (Christensen et al., 2016). In recent years, many more
aspects of aerosol–cloud interactions were discussed. Con-
siderable progress has been made in understanding the chem-
ical composition and microphysical properties of aerosol par-
ticles that enable them to act as CCN (Andreae and Rosen-
feld, 2008). The ability of particles to act as CCN is largely
controlled by aerosol particle size rather than composition
(Dusek et al., 2006). However, we still lack understanding of
the overall roles of aerosol particles, clouds and their inter-
actions in the climate system, which contribute to the largest
uncertainties to estimate the Earth’s energy budget (Stocker,
2014).
Mineral dust from deserts contributes largely to tropo-
spheric aerosols and impacts the air quality of several re-
gions, even of the globe (Ginoux et al., 2001; Huang et al.,
2006; Tanaka and Chiba, 2006). The largest dust source is
located in the Northern Hemisphere in the Sahara and Sa-
hel regions (Goudie and Middleton, 2001; Prospero et al.,
2002; Ginoux et al., 2012), with millions of tonnes of min-
eral dust being transported to Europe and the Middle East, as
well as to the Americas, yearly (including the Caribbean and
the Amazon basin) (Swap et al., 1992; Salvador et al., 2013;
Wex et al., 2016). Mineral dust aerosol in the atmosphere
can affect the Earth’s radiative budget by directly scattering
and absorbing solar and infrared radiation (Goudie and Mid-
dleton, 2001; Shao et al., 2011). On the other hand, it can
modify cloud properties, i.e., serve as CCN or ice-nucleating
particles (INPs) (Sassen et al., 2003; DeMott et al., 2003).
Karydis et al. (2011) found that the predicted annual average
contribution of insoluble mineral dust to CCN number con-
centration in cloud-forming areas is up to 40 % over northern
Africa and Asia (Arabian Peninsula and Gobi Desert).
Based on a 3-week field campaign in summer 1973 at
Cabo Verde, Jaenicke and Schütz (1978) investigated the
aerosol properties, such as total size distribution, mass, sea
salt, mineral and organic compound content, and found that a
total mass of 100 µgm−3 during dust plumes is 5 times higher
than the 20 µgm−3 of clean air masses. Kandler et al. (2011b)
also found that the total particle mass concentration during
dust plumes was raised by a factor of more than 10 over
the maritime mass concentration, demonstrating a strong im-
pact of Saharan dust advection on the aerosol load at Cabo
Verde. Significant seasonal intrusions of dust from northwest
Africa affect Cabo Verde at surface level from October till
March. An hourly PM10 value reached up to 710 µgm−3 at
surface level at Cabo Verde (Gama et al., 2015). Schladitz
et al. (2011b) found that mineral dust particles were mainly
in the coarse mode. The variation in the amount of mineral
dust is much larger than the variation in the sea salt content
in the coarse mode. Also pesticides, polycyclic aromatic hy-
drocarbons (PAHs), and polychlorinated biphenyl (PCB), all
of which originate from the Sahara and Sahel regions, can be
incorporated with Saharan dust and then transported to Cabo
Verde (Garrison et al., 2014).
Many studies investigated the marine aerosol in laboratory
or in field measurements, but few of them were carried out
at Cabo Verde or nearby regions. Due to the vast coverage
of the Earth’s surface by the oceans, wind-driven particle
production on the ocean surface is one of the largest global
sources of primary atmospheric particle on a mass concen-
tration basis (Warneck, 1999; Modini et al., 2015). Together
with newly formed particles originating from gaseous precur-
sors which can also be emitted from the ocean, this sea spray
aerosol (SSA) contributes to marine aerosols. Ambient mea-
surements and laboratory studies indicated that the resulting
marine aerosol with less than 10 µm diameter can have a tri-
modal size distribution, which suggests that several mech-
anisms are involved in marine aerosol production (Prather
et al., 2013; Quinn et al., 2015; Brooks and Thornton, 2018).
Marine aerosol number and mass concentrations, chemi-
cal composition, and optical and cloud-nucleating properties
can be changed during transportation, e.g., marine aerosol
can carry continental emissions up to thousands of kilome-
ters downwind (Quinn et al., 2015). Marine aerosol impacts
Earth’s radiation balance by directly scattering solar radia-
tion (Quinn et al., 2017). Ocean physics, biology and chem-
istry ultimately control both particle hygroscopicity (Fuentes
et al., 2011) and the number of particles that can act as CCN
and INPs (Andreae and Rosenfeld, 2008; Wilson et al., 2015;
DeMott et al., 2016) in the marine aerosol. On a global ba-
sis, SSA makes a contribution of less than 30 % to the CCN
population (Quinn et al., 2017).
Marine aerosol is the second important aerosol source at
Cabo Verde when looking at particle mass (Fomba et al.,
2014; Salvador et al., 2016). There is always a background of
marine aerosol present at Cabo Verde (Kandler et al., 2011a).
Based on a 5-year measurement at Cabo Verde, Fomba et al.
(2014) found that the mean mass concentration of sea salt
was 11.00± 5.10 µgm−3 (corresponding to total mass of
47.20±55.50 µgm−3). Additionally during summer, elevated
concentrations of organic material were observed to originate
from marine emissions. A summer maximum was observed
for non-sea-salt sulfate, and it was connected to periods when
air mass inflow was predominantly of marine origin, indicat-
ing that marine biogenic emissions were a significant source.
Schladitz et al. (2011b) found that the Aitken mode and ac-
cumulation mode particles were mainly composed of marine
aerosol, whereas coarse mode particles were composed of
sea salt and a variable fraction of Saharan mineral dust.
As outlined above, Saharan dust and sea salt dominate
PM10 particle composition (more than 70 %) near the surface
at Cabo Verde (Fomba et al., 2014; Salvador et al., 2016).
In addition, Cabo Verde is rich in other kinds of aerosols
from both continental and marine sources. Biomass burn-
ing aerosols produced from October to November in sub-
Sahelian latitudes had a clear influence on the content of
elemental carbon (EC) recorded at Cabo Verde but a small
impact on PM10 (Salvador et al., 2016), as particles origi-
nating from the biomass burning layer usually stay at high
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altitude (1500–5000 m) (Tesche et al., 2009; Heinold et al.,
2011; Lieke et al., 2011).
Overall, there are diverse sources of less or more hygro-
scopic particles which might contribute to aerosols at Cabo
Verde. Pringle et al. (2010) used an atmospheric chemistry
model to simulate global fields of the effective hygroscop-
icity parameter, represented by κ (Petters and Kreidenweis,
2007), which roughly describes the influence of chemical
composition on CCN activity of aerosol particles. An an-
nual cycle of monthly-mean κ values at the surface of Cabo
Verde was reported in Pringle et al. (2010). The only field
measurement of particle hygroscopicity at Cabo Verde was
carried out by Schladitz et al. (2011a). Here, these model re-
sults and field measurement values will be compared with
those obtained from in situ measurements during our mea-
surement campaign in the framework of the MarParCloud
(Marine biological production, organic aerosol particles and
marine clouds: a Process Chain) project.
The atmospheric boundary layer (ABL) is the region in
the lowest part of the troposphere (below 1000 m above the
ground) where the Earth’s surface strongly influences tem-
perature, moisture and wind through the turbulent transfer of
air masses. Most particles are emitted or formed in the ABL
with temporally varying sources (Rosati et al., 2016b). Ex-
tensive data sets from ground-based aerosol property studies
are available. One major point of interest is to know whether
ground-based measurements can be used to infer aerosol
properties at cloud level. Previous field measurements at
Po Valley and the Netherlands found that during the devel-
opment of a newly mixed layer the estimation of altitude-
specific data from surface measurements may be problem-
atic (Rosati et al., 2016a, b). Once the ABL was fully mixed,
a constant extinction coefficient (Rosati et al., 2016b) and
particle hygroscopicity (Rosati et al., 2016a) were observed
at all altitudes within the ABL. Wex et al. (2016) found, for
marine aerosol on Barbados, that the particle number size
distribution (PNSD) on the ground and throughout the sub-
cloud level showed good agreement.
During the MarParCloud project, we set up two measure-
ment stations, one close to the sea level (10 m a.s.l.) and
one on a mountaintop (744 m a.s.l.), to characterize aerosol
properties, including particle number concentration (PNC),
PNSD and CCN number concentration (NCCN). In addition,
a measurement from a kite and balloon (Helikite) was car-
ried out to characterize vertical profiles of meteorological pa-
rameters at Cabo Verde. This offered a unique opportunity to
compare particle properties close to the sea level and higher
up in the marine boundary layer (MBL).
In a series of companion papers (Gong et al., 2020), we
aim to provide a quantitative understanding regarding the
abundance, properties and source of aerosol particles in gen-
eral, and CCN and INPs in particular, close to both sea-level
and cloud-level heights. In this paper, we will (1) compare
aerosol properties measured close to sea level and at a moun-
taintop to examine the representativeness of ground-based
measurements to the MBL and (2) present a thorough char-
acterization of CCN with respect to their hygroscopicity and
number concentrations for different air masses. Both of these
will be presented here for the Cabo Verde for the first time.
In a companion paper, we will examine the abundance and
properties of INPs from several different sources, namely sea
surface microlayer and under layer water from the ocean, air-
borne close to sea and cloud level, and cloud water of warm
cloud. This study is the first in a series of publications to
come from the MarParCloud project. For more information
about the campaign itself and a more detailed analysis of the
meteorological situation, we refer the reader to the overview
paper (van Pinxteren et al., 2019), which will also cover
a thorough size-resolved chemical composition analysis of
particles close to the sea level and on the mountaintop.
2 Experiment and methods
2.1 Sampling sites and campaign setup
The measurements were carried out on São Vicente island in
Cabo Verde from 13 September to 13 October 2017. Located
in the Atlantic Ocean, São Vicente island is ∼ 900 km off
the African coast. The region experiences constant northeast-
erly winds. The average annual temperature at Cabo Verde
is 23.6± 4.0 ◦C (mean ±1 standard deviation). It is an arid
region with a maximum of 24–350 mm rainfall per year.
The precipitation frequency is about 3 to 10 events annually,
mainly between August and October (Carpenter et al., 2010;
Fomba et al., 2013). More details of the meteorological con-
ditions at Cabo Verde can be found in Carpenter et al. (2010).
Three measurement stations were set up at Cabo Verde,
i.e., Cape Verde Atmospheric Observatory (CVAO), Monte
Verde station (MV) and an ocean station (OS, this station
will be discussed only in the companion paper). CVAO
(16◦51′49′′ N, 24◦52′02′′W) is located at the northeastern
shore of the São Vicente island, 70 m from the coastline
at about 10 m a.s.l. An aerosol PM10 inlet, employed to re-
move particles larger than 10 µm in aerodynamic diameter,
was installed on top of a 32 m tower. Downstream of the
aerosol inlet there was a vertical stainless-steel sampling
pipe (32 m long, 1/2 in. outer diameter), installed together
with a diffusion dryer, which was placed directly on top
of the measurement container. Aerosol entered the inlet on
top of the mast and was transported through the tube and
the dryer. Downstream of the dryer and inside of the con-
tainer, the aerosol was split isokinetically and distributed to
various instruments, including a mobility particle sizer spec-
trometer (MPSS), an aerodynamic particle sizer (APS) and
a cloud condensation nuclei counter (CCNC). Besides, air-
borne measurements were carried out at CVAO using a He-
likite to characterize the vertical profiles of temperature, rel-
ative humility (RH), and wind speed and direction.
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MV (16◦52′11′′ N, 24◦56′02′′W) is located on the top
of Monte Verde (744 m a.s.l.), ∼ 7 km away to the west of
CVAO. An aerosol inlet was installed on the roof of a build-
ing, which overall had a cut-off size of 4 µm. A vertical
stainless-steel sampling pipe (2 m long, 1 in. diameter) and a
diffusion dryer were placed downstream of the aerosol inlet.
Downstream of the dryer and inside the building, the sam-
ple aerosol was split isokinetically to an MPSS and CCNC.
An overview of the sampling site and instruments is given in
Table 1. In the following, we will briefly introduce the differ-
ent measurement techniques applied in this study, including
calibrations, measurements and data processing.
2.2 Balloon measurements
The vertical profile of meteorological parameters was taken
at CVAO. The measurements were achieved using a 16 m3
Helikite (Allsopp Helikites Ltd, Hampshire, UK), a unique
combination of a tethered balloon and a kite. Helikites are de-
signed to be operated under extreme weather conditions. The
kite was attached to a 3 mm Dyneema rope (2000 m long, ∼
4.6 g m−1, Lyros D-Pro 3 mm, breaking load 950 daN, work-
ing elongation < 1 %) and operated by a winch. Under calm
conditions, the Helikite has a net load capacity of∼ 8 kg. Un-
der windy condition, the pull increases significantly, and the
net load capacity reaches about 16 kg at 6 m s−1. Depending
on the prevailing conditions, meteorological measurements
of up to an altitude of about 1200 m could be carried out. The
measuring system, built by the Leibniz Institute for Tropo-
spheric Research (TROPOS), was attached to the rope 20 m
below the Helikite. All sensors were selected and tested in-
dividually in the laboratory at TROPOS. Wind speed was
measured using a differential pressure sensor together with
a pitot tube; wind direction was determined from an orien-
tation sensor (compass) of a wind vane. Data were recorded
with a measuring frequency of 2 Hz, stored in a Secure Dig-
ital memory card and additionally transmitted to a ground
station (via Digi XBee radio modules). Our aim was to char-
acterize the atmospheric boundary layer in terms of mixing
state, which can provide insights into uncertainties regarding
the connection between ground-based measurements and the
free troposphere.
2.3 Particle number size distribution
PNSDs were measured in the size range from 10 nm to 10 µm
using a TROPOS-type MPSS (Wiedensohler et al., 2012) and
an APS (aerodynamic particle sizer, model 3321, TSI Inc.,
St. Paul, MN, USA). The APS data accounted for the multi-
ple charge correction of MPSS data in the inversion of mea-
sured PNSD (Wiedensohler, 1988; Pfeifer et al., 2016). The
combined PNSD is then given on the basis of the volume
equivalent particle diameter. More details about the com-
bined MPSS and APS PNSDs can be found in the Sup-
plement and Schladitz et al. (2011b). Size-dependent parti-
cle losses caused by diffusion, deposition and sedimentation
within the inlet were corrected for by utilizing the empir-
ical particle loss calculator (von der Weiden et al., 2009).
The size-dependent particle losses are shown in the Supple-
ment, Fig. S1. Total particle number concentrations (Ntotal)
were calculated from the measured PNSDs accounting for
the size-dependent particle losses. The MPSS and APS were
calibrated before, during and after the intensive field study.
Overall, fewer than 3 % of the particles were lost when pass-
ing the inlet. More details about calibration methods can be
found in Wiedensohler et al. (2018).
2.4 Cloud condensation nuclei
NCCN was measured using a cloud condensation nuclei
counter (CCNC, Droplet Measurement Technologies, Boul-
der, USA; Roberts and Nenes, 2005). The CCNC is a cylin-
drical continuous-flow thermal-gradient diffusion chamber,
establishing a constant streamwise temperature gradient to
adjust a quasi constant centerline supersaturation. The sam-
pled aerosol particles are guided within a sheath flow through
this chamber and can become activated to droplets, depend-
ing on the supersaturation level and the ability of the particles
to act as CCN.
During our study, the supersaturation was varied between
∼ 0.15 % and ∼ 0.79 % at a constant total flow rate of
0.5 L min−1. To ensure stable column temperature, the first
5 min and the last 30 s of each 12 min long measurement at
each supersaturation were excluded from the data analysis.
The remaining data points were averaged. A supersaturation
calibration (following the protocol by Gysel and Stratmann,
2013) was done at the cloud laboratory of the TROPOS prior
to and after the measurement campaign in order to determine
the relationship between the temperature gradient along the
column and the effective supersaturation. Calibrated super-
saturation set points were 0.15 %, 0.20 %, 0.30 %, 0.50 % and
0.70 % of CVAO CCNC and 0.15 %, 0.21 %, 0.33 %, 0.56 %,
and 0.79 % of MV CCNC. These values were used for further
calculations.
According to Köhler theory (Köhler, 1936), whether or not
a particle can act as a CCN depends on its dry size, chemi-
cal composition and the maximum supersaturation it encoun-
ters. Petters and Kreidenweis (2007) presented a method to
describe the relationship between particle dry diameter and
CCN activity using the hygroscopicity parameter κ; κ values
reported in this study were calculated as follows, assuming
the surface tension of the examined solution droplets, σs/α ,
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Table 1. Measured and derived parameters and the respective instrumentation used at CVAO and MV. Note, SS represents supersaturation.
Measurement Location Parameter Abbreviation Instrument Measurement
site range
CVAO 16◦51′49′′ N, 24◦52′02′′W; Particle number size distribution PNSD MPSS and APS system 10 to 10 000 nm
inlet height 42 m a.s.l. Particle number concentration Ntotal Integrated PNSD –
CCN number concentration NCCN CCNC –
Particle hygroscopicity κ CCNC with SS= 0.15 %, 0.20 %, 0.30 %,
MPSS and APS system 0.50 %, and 0.70 %
Vertical profile of temperature and RH – Balloon Height up to 1200 m
MV 16◦52′11′′ N, 24◦56′02′′W; Particle number size distribution PNSD MPSS system 10 to 850 nm
inlet height 746 m a.s.l. Particle number concentration Ntotal Integrated PNSD –
CCN number concentration NCCN CCNC –
Particle hygroscopicity κ CCNC with SS= 0.15 %, 0.21 %, 0.33 %,
MPSS system 0.56 %, and 0.79 %
where dcrit is the critical diameter above which all particles
activate into cloud droplets for a given supersaturation. S is
the supersaturation. Mω and ρω are the molar mass and den-
sity of water, respectively, and R and T are the ideal gas con-
stant and the absolute temperature, respectively. To derive
dcrit, simultaneously measured NCCN and PNSD are used.
Therefore, it is assumed that all particles in the neighborhood
of a given particle diameter have a similar κ , meaning that the
aerosol particles are internally mixed. At a given supersatura-
tion, a particle can be activated to a droplet once its dry size is
equal to or larger than dcrit. Therefore, dcrit is the diameter at
which NCCN is equal to the value of the cumulative particle
number concentration, determined via integration from the
upper towards the lower end of the PNSD. Values for κ can
be calculated with dcrit and the corresponding supersaturation
based on Eq. (1). The inferred κ values correspond to parti-
cles with sizes of roughly dcrit. The uncertainty in κ , which
results from uncertainties of the PNSD measurements and
the supersaturations of the CCNC, was determined by apply-
ing a Monte Carlo simulation (MCS) in a similar fashion as
done by Kristensen et al. (2016) and Herenz et al. (2018). A
detailed description of this method is provided in the Sup-
plement. Note that the particle losses inside the CCNC (dis-
cussed in Rose et al., 2008) were also considered before κ
was calculated.
3 Results and discussion
3.1 Overview of the meteorology
Time series of meteorological parameters, including the wind
speed, temperature and RH at CVAO and MV, as well as wind
direction at CVAO, are shown in Fig. 1. The wind speed
varied from 0.6 to 9.7 m s−1, with a mean of 6.0 m s−1 at
CVAO. The variation in wind speed at MV is similar to that
at CVAO. Figure 2 shows the wind rose plot based on hourly
average of wind speed and direction at CVAO. Clearly, the
CVAO station experienced constant northeasterly winds dur-
ing this campaign. The temperature and RH were measured
by a digital temperature and humidity sensor (Davis Instru-
ments, 7346.070). The accuracy of the temperature sensor is
±0.3 ◦C; the accuracy of the humidity sensor is ±2 % be-
low 90 % and ±4 % above 90 %. The temperature and RH
at CVAO varied from 25.6 to 28.3 ◦C and 70.0 % to 90.5 %,
with means of 26.6 ◦C and 81.0 %, respectively. Obviously,
temperature at MV was lower than that at CVAO, ranging
from 18.9 to 25.4 ◦C, with a mean of 21.2 ◦C. The measured
RH was 100 % during more than half of the campaign at MV.
Note that due to the instrument detection limit, RH= 100 %
is not accurate. However, the RH= 100 % result indicates
that the MV station was often in a cap cloud. More pre-
cise determination of cloud events and influences of cloud
on aerosol particles will be discussed in Sect. 3.3. Note that
all the times presented here are in UTC (corresponding to
LT+1). For better comparison, all PNC and NCCN data re-
ported in this study are given for standard temperature and
pressure (STP, 0 ◦C and 1013.25 hPa).
During the MarParCloud campaign, 19 vertical profiles on
10 different days were taken. Profiles of up to about 1200 m
could be measured. The inversion layer heights were deter-
mined by the measurements. The MBL was typically well
mixed with boundary layer heights between about 550 and
1100 m, as shown by blue rectangles in Fig. 1. It is indicated
that there were three cases of a decoupled boundary layer
during the whole campaign, as shown by red dots in Fig. 1.
Therefore, to be sure to represent aerosol collected at Cabo
Verde, we used backward trajectories starting at 200 m alti-
tude to represent MBL air mass origins in this study. Exem-
plary data from one balloon measurement can be found in the
Supplement (Sect. S3).
3.2 Particle characterization
This section will first discuss PNSDs and PNC at CVAO.
A well-known trimodal lognormal parameterization method
is adopted to characterize the temporal variation in PNC in
three modes. It is used to classify the particles into differ-
ent types based on PNC in different modes. Lastly, to get
insights into possible particle sources, we studied the air
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Figure 1. Time series of wind speed (WS), wind direction (CVAO only), RH and temperature. Parameters measured at CVAO are shown by
solid lines and at MV in dashed lines. Time series of inversion layer height are shown by blue squares and decoupled layer height in red dots.
Figure 2. Wind rose based on hourly averages of wind speed and
direction (measured at CVAO).
mass origin and transport through backward trajectory anal-
ysis. Calculations were performed with the HYSPLIT (HY-
brid Single-Particle Lagrangian Integrated Trajectory) model
(Stein et al., 2015; Rolph, 2003).
3.2.1 Particle number size distribution and
concentration
Particle size is one of the most important parameters to char-
acterize the atmospheric aerosol. Figure 3 presents contour
plots for PNSDs of supermicron particles in Fig. 3a and sub-
micron particles in Fig. 3b. In order to show details of su-
permicron particles, we adopted different color bar scales for
submicron and supermicron particles. Most of the time, two
submicron modes (Aitken and accumulation mode) and one
supermicron mode (coarse mode) are observed. The Aitken
mode is observed from ∼ 10 to ∼ 80 nm, and the accumu-
lation mode is observed from ∼ 80 to ∼ 1000 nm. How-
ever, from 03:30 to 20:00 21 September and from 09:30
28 September to 18:30 30 September, the submicron parti-
cles only exhibited a unimodal distribution. The supermicron
particles exhibited a high concentration during those periods.
Ntotal was changed significantly, from∼ 200 to∼ 1500 cm−3
with a median of∼ 700 cm−3, shown as black line in Fig. 3b.
Particles of different sizes have different formation routes,
sources and behaviors. To better define the modes of our data,
we fitted the PNSDs to three lognormal functions. The log-
normal distribution was expressed by Seinfeld and Pandis

















where Ni is the total number concentration of the ith mode,
Di is the geometric mean diameter of the ith mode and σi is
the geometric standard deviation of the ith mode distribution.
Every PNSD was individually parameterized by a trimodal
distribution, where the number of i, i = 1,2,3, stands for
Aitken, accumulation or coarse mode, receptively. For each
PNSD, we searched for an optimal fitting function, until the
coefficient of determination (R2) was larger than 0.97.
Time series of PNC in Aitken mode (NAitken), accumula-
tion mode (Naccumulation) and coarse mode (Ncoarse), together
with sum of Ni and measured Ntotal, are shown in Fig. 4.
Due to the unimodal distribution of submicron particles from
03:30 to 20:00 21 September and from 09:30 28 September
to 18:30 30 September, the trimodal lognormal fitting did not
work properly, so we did a bimodal lognormal fitting instead,
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Figure 3. Contour plots for PNSDs of 1000 nm to 10 µm in panel (a) and 10 to 1000 nm in panel (b). The color scale indicates dN/dlogDp
in cubic centimeters (cm−3). Time series of Ntotal is shown by the black line in panel (b).
with one submicron mode (Nsubmicron, as shown by purple
dots) and one coarse mode.
PNC showed large variability during our measurement.
NAitken and Naccumulation varied from 41 to 789 and 89 to
639 cm−3, with medians of 244 and 354 cm−3, respectively.
Generally, Aitken mode particles are produced by homoge-
neous and heterogeneous nucleation processes, formed dur-
ing natural gas-to-particle condensation. Aitken mode parti-
cles are transferred to the accumulation mode through cloud
processing (Hoppel et al., 1994). And accumulation mode
particles are furthermore formed by coagulation of smaller
particles or condensation of vapors onto existing particles,
during which they grow into that size range (Seinfeld and
Pandis, 2016). Therefore, when Naccumulation is higher than
NAitken, this indicates long-range transport and a more aged
aerosol. Ncoarse varied from 3 to 71 cm−3, with a median of
21 cm−3. Coarse mode particles are mostly emitted to the at-
mosphere from natural sources, e.g., marine aerosol, mineral
dust or biological materials.
3.2.2 Particle classification and origins
To better understand the particle sources and features, we
divided the data from the campaign into different periods.
An overview of the classification criteria and features of
the different resulting aerosol types are summarized in Ta-
ble 2. Details about the classification criteria are discussed
in the Supplement. Classification results are shown as dif-
ferent background colors in Fig. 4. Note that from 00:00:00
27 September to 00:00:00 28 September, Ntotal suddenly de-
creased. This might due to the wet deposition that happened
before the air masses arrived at the measurement site. The
precipitation is an output parameter of the calculated NOAA
HYSPLIT backward trajectories. From 00:00:00 27 Septem-
ber to 00:00:00 28 September, the total precipitation (sum of
precipitation of 144 segment endpoints) exceeded a value of
7 mm in the past 144 h (corresponding to 6 d) of each back-
ward trajectory history. Therefore, this period was not in-
cluded in the aerosol classification.
Figure 5 shows the median of PNSDs of the four dif-
ferent aerosol types, with a linear (top) and a logarithmic
(bottom) scaling on the y axis. The error bar indicates the
range between 25th and 75th percentiles. PNSDs which have
NAitken larger than Naccumulation and Ncoarse < 25 cm−3 are
attributed to the “marine type” in this work. PNSDs resem-
bling those show three modes, i.e., Aitken, accumulation and
coarse modes, which can be clearly distinguished, as shown
in blue lines in Fig. 5. For the separation of this marine
type, trajectories were additionally examined. The marine
type featured the lowestNAitken,Naccumulation andNcoarse me-
dian values of 189, 143 and 7 cm−3, respectively. The mini-
mum between the Aitken and accumulation mode of PNSDs
(Hoppel minimum; see Hoppel et al., 1986) at roughly 70 nm
indicates the sizes above which particles had previously been
activated to cloud droplets during the history of the air mass
at least once. When passing through a cloud, soluble material
is added to the activated particles by aqueous-phase chem-
istry, increasing particulate mass and hence the size of those
particles. The coarse mode particles can also be assumed to
be sea spray aerosol (SSA) during the marine type period,
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Figure 4. Time series of NAitken, Naccumulation, Ncoarse, Nsubmicron, sum of Ni and Ntotal at CVAO. The different shading colors indicate
different aerosol type periods.
Table 2. Classification criteria and features of four different particle types.
Aerosol Criteria Features
type N1 (cm−3) N2 (cm−3) N3 (cm−3) Ntotal (cm−3) NCCN,0.30 % (cm−3) Shape of PNSD
median±SD∗ median± SD median±SD median±SD median±SD
Marine NAitken >Naccumulation 189± 58 143± 41 7± 6 369± 124 190± 49 visible Hoppel minimum
Ncoarse < 25 cm−3 at 70 nm
Mixture NAitken <Naccumulation 247± 78 405± 102 20± 10 725± 173 478± 76 visible Hoppel minimum
at 80 nm
Dust type1 NAitken >Naccumulation 556± 134 312± 50 39± 11 952± 173 332± 44 visible Hoppel minimum
Ncoarse > 25 cm−3 at 100 nm
Dust type2 Single mode in submicron – – 44± 8 994± 218 503± 105 no visible Hoppel minimum
Ncoarse > 25 cm−3
∗ 1 standard deviation
as discussed in previous studies (Modini et al., 2015; Wex
et al., 2016). A decent correlation (R2 = 0.69, p < 0.01) was
found between SSA number concentration and wind speed
(Supplement, Fig. S6). Modini et al. (2015) also observed
that SSA number concentration correlated with local wind
speed, which is consistent with the fact that SSAs are gen-
erated from the process associated with the agitation of the
sea surface by air moving above it. The SSA accounted for
1.1 % to 4.4 % of Ntotal at CVAO (wind speed from 4 to
10 m s−1), which is relatively low when comparing to Wex
et al. (2016), who found the SSA particles contributed 4 %
to 10 % of Ntotal (wind speed up to 14 m s−1) for the marine
aerosol on Barbados. Figure 6 shows the 6 d backward trajec-
tories with 1 h time resolution ending at 200 m above CVAO.
Looking at Fig. 6a, which displays the marine periods, the
backward trajectories clearly featured paths over the Atlantic
Ocean and traveled to Cabo Verde. None of the backward
trajectories touched the European or African continents.
PNSDs that have a larger Naccumulation than NAitken are at-
tributed to the “mixture type” in this work, shown as green
lines in Fig. 5, with three modes, i.e., Aitken, accumula-
tion and coarse modes, which can be clearly distinguished.
NAitken, Naccumulation and Ncoarse have median values of 247,
405 and 20 cm−3, respectively. The Hoppel minimum of the
mixture type is at roughly 80 nm. The respective backward
trajectories, colored in green in Fig. 6b, showed that the re-
lated air mass came from the north Atlantic Ocean and spent
some days over southern Europe and northern Africa. An-
thropogenic aerosol and mineral dust may be incorporated
into air parcels and transported to Cabo Verde, causing higher
levels of Aitken, accumulation and coarse mode particles
than in the marine type.
PNSDs with largerNAitken thanNaccumulation andNcoarse >
25 cm−3 are attributed to the “dust type1” in this work,
shown as red lines in Fig. 5. PNSDs attributed to this
type show three modes, i.e., Aitken, accumulation and
coarse modes, which can be clearly distinguished. NAitken,
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Figure 5. The median of PNSDs of marine type (blue), mixture type
(green), dust type1 (purple) and dust type2 (black), with a linear (a)
and a logarithmic (b) scaling on the y axis. The error bar indicates
the range between 25th and 75th percentiles.
Naccumulation and Ncoarse had median values of 556, 312 and
39 cm−3, respectively. The Hoppel minimum of the mixture
type is at roughly 100 nm. The respective backward trajecto-
ries, colored in red in Fig. 6c, featured two pathways. One
air mass group originated from the north Atlantic Ocean and
stayed a few days over southern Europe and northern Africa.
Another air mass group came from the Sahara.
It is interesting to note that the Hoppel minimum is at the
lowest diameter for the marine air mass (∼ 70 nm), compared
to all other air masses. This suggests that the supersatura-
tion in the clouds forming in the clean marine air masses is
highest, as there is less surface area for the water vapor to
condense onto during cloud formation.
PNSDs which featured a single mode in the submicron
size range are attributed to “dust type2”, shown as black
lines in Fig. 5. No visible Hoppel minimum can be seen.
The dust type2 featured highest Ntotal and Ncoarse median
values of 994 and 44 cm−3, respectively. It is worth men-
tioning that previous field measurements at the Sahara found
similar PNSDs to what we observed in this study (Kaaden
et al., 2009; Kandler et al., 2009; Weinzierl et al., 2009). We
assumed that dust type2 is the heaviest dust plume period
during this campaign. The respective backward trajectories,
colored in black in Fig. 6d, showed that related air masses
originated from the Sahara.
The higher Ncoarse during dust type1 and type2 periods
is due to the direct dust aerosol from the Sahara. Schladitz
et al. (2011b) also found that the higher coarse mode num-
ber concentration at Cabo Verde originated from the Sahara.
Besides, a very high concentration of Aitken mode particles
was observed during dust type1 and dust type2 periods. A
previous study also found that an African-influenced period
showed a great enhancement in the Aitken mode particles
and an overall increase in the number of particles of all sizes
(Allan et al., 2009). Nie et al. (2014) found that new par-
ticle formation and growth happened in the remote ambi-
ent atmosphere during the strongest observed dust episodes.
Both the formation and growth rates of particles in the di-
ameter range of 15–50 nm were enhanced during the dust
episodes. In our data, we found that backward trajectories of-
ten traveled from the upper troposphere down to the marine
boundary layer during dust periods, which means that Aitken
mode particles could have been transported from the upper
troposphere. Therefore, there are different factors contribut-
ing to the observed high NAitken and Naccumulation during dust
plumes, such as direct transport of particles from the desert
and Sahel region, and additional new particle formation and
growth in the vicinity or in the upper troposphere.
To summarize Sect. 3.2, based on number concentrations
in different aerosol modes, an aerosol classification was
done, and four well-separable types of PNSDs were found,
i.e., the marine type, mixture type, dust type1 and dust type2.
Marine type particles are mainly from the Atlantic Ocean,
while dust type particles are mainly from the Sahara. Mixture
type particles are a combination of marine, anthropogenic
and dust particles. Backward trajectories support this clas-
sification and analysis. The marine, mixture, dust type1 and
dust type2 in this study are comparable to type A, D, C and B
in Fomba et al. (2014), respectively, who characterized par-
ticle chemical composition at CVAO over a time period of
4 years.
3.3 Comparison of CVAO and MV
In this section, we will compare the PNC, PNSDs and NCCN
at CVAO and MV. Cloud events are identified based on the
difference in integrated PNC between MV and CVAO. Cloud
effects on PNSDs and NCCN will also be discussed.
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Figure 6. The 6 d backward trajectories arriving at CVAO at a height of 200 m with 1 h resolution for marine type (a), mixture type (b), dust
type1 (c) and dust type2 (d). Each calculation is shown as a separate dot, which is separately visible when air masses moved fast.
3.3.1 Comparison of PNC and PNSD
PNSDs from 10 to 800 nm were measured by MPSS and a
bimodal lognormal parameterization was adopted to calcu-
late NAitken and Naccumulation at MV. Figure 7 shows the time
series of PNC in the size range between 10 and 800 nm at
CVAO (NCVAO10–800 nm) and MV (N
MV
10–800 nm) in Fig. 7a, PNC
of accumulation mode at CVAO (NCVAOaccumulation) and MV
(NMVaccumulation) in Fig. 7b, and PNC of Aitken mode at CVAO
(NCVAOAitken) and MV (N
MV
Aitken) in Fig. 7c. The variation in
NCVAO10–800 nm and N
MV
10–800 nm was similar sometimes, e.g., from
23 to 25 September. However, sometimes the concentrations
at MV were obviously lower than the respective values at
CVAO, at least for NMV10–800 nm and N
MV
accumulation, as, for exam-
ple, from 5 to 9 October. Such a decrease was sometimes,
but not always, also observed for NMVAitken. This is a typical
observation for cloudy air, in which particles from the accu-
mulation mode and maybe also some from the Aitken mode
are activated to cloud droplets which are then removed in
the aerosol inlet on MV. When the ratio of NMVaccumulation to
NCVAOaccumulation was lower than 0.85, we assumed that MV is in
the cloud. When the trimodal fitting function did not work
for the CVAO data set (from 03:30 to 20:00 21 Septem-
ber and from 09:30 28 September to 18:30 30 September),
a slightly different approach was needed. For that, we used
the ratio of PNC in the size range between 80 and 800 nm
at MV (NMV80–800 nm) to that at CVAO (N
CVAO
80–800 nm) (replacing
the ratio ofNMVaccumulation toN
CVAO
accumulation). When this ratio was
lower than 0.75, we assumed that MV is in the cloud. It is de-
scribed in more detail in the Supplement how this ratio was
derived separately for cases with trimodal and bimodal fit-
ting. The time for cloud events is shown as red shading in
Fig. 7. As outlined above in the meteorology part, we ob-
served RH= 100 % at MV. Figure S8 shows the time series
of RH at MV together with the time for cloud events as red
shading. It is clear that times with RH= 100 % are consis-
tent with cloud events identified as described above, which
verifies our identification of cloud events.
To better understand the cloud effect of PNSDs, we com-
pared the PNSDs at CVAO and MV during cloud events and
noncloud events of different aerosol types. Figure 8 shows
the median PNSDs of different particle types during cloud
events and noncloud events. During noncloud events, PNSDs
at CVAO (PNSDCVAOnon-cloud) and MV (PNSD
MV
non-cloud) were sim-
ilar for marine, mixture or dust type1 periods. During dust
type2, there is only a very short period of noncloud event
with 15 PNSDs observed. Therefore, we did not include the
comparison of PNSDCVAOnon-cloud and PNSD
MV
non-cloud during the
dust type2 period in Fig. 8.
During noncloud events, PNSDs at CVAO and MV were
the same, as shown in Fig. 8. For periods with clouds, PNSDs
in the size range> 80 nm at MV are lower than that at CVAO
for all the particle types. For dust type1 and dust type2, de-
pending on the clouds, i.e., the highest supersaturation the
particles encounter, particles in Aitken mode were also ac-
tivated to cloud droplets. For particles in the size range <
40 nm, PNSDs are similar during cloud and noncloud events.
This is because the particle size is not large enough to activate
to cloud droplets. Furthermore, it also indicates that PNSDs
are similar at CVAO and MV during cloud events, at least in
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Figure 7. Time series of NCVAO10–800 nm and N
MV









in panel (c). The times of cloud events are shown by red shading.
the size range < 40 nm. For a more detailed comparison of
PNSDs at CVAO and MV, contour plots for PNSDs can be
found in Fig. S9 in the Supplement.
During the campaign, a decoupled marine boundary layer
was observed with our balloon measurements in three cases,
i.e., 10:30 to 11:00 16 September, 16:00 to 16:30 5 October
and 17:20 to 17:50 12 October (shown as red dots in Fig. 1).
Only for the first decoupling case (10:30 to 11:00 16 Septem-
ber) was MV cloud free; otherwise, PNSDs were similar at
CVAO and MV (Fig. S10). Therefore, the MBL may be gen-
erally well mixed, maybe still from times before the decou-
pling of the layers formed. On the other hand, lifting of the
air masses over the mountain might also partially explain this
observation. However, due to the fact that there is only this
one decoupled case, a thorough analysis of the influence of
coupling and decoupling can not be done.
3.3.2 Comparison of NCCN
Figure 9 shows the scatter plot of NCCN at CVAO (NCVAOCCN )
against that at MV (NMVCCN) during cloud events (green dots)
and noncloud events (red rectangles) at different supersat-
urations. During cloud events, large particles that had been
activated to cloud droplets were removed by the aerosol in-
let on MV. Therefore, NCVAOCCN,cloud is larger than N
MV
CCN,cloud
at each supersaturation. During noncloud events, all the data
points are close to the 1 : 1 line (for the slopes see Fig. 9),
and R2 values between NCVAOCCN,non-cloud and N
MV
CCN,non-cloud are
all above 0.90, indicating NCCN is similar at CVAO and MV.
Although there were slight differences in supersaturation at
CVAO and MV due to the CCNC calibration, the similarity
between NCCN at the two stations conveys the same message
as what was discussed before concerning the comparison of
Figure 8. The median of PNSDs for four different particle types
during cloud events and noncloud events at CVAO and MV.
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Figure 9. Scatter plots of NCCN at CVAO against those at MV at
different supersaturations. Slope and R2 values for these fits are
given in the legend.
PNSDs at CVAO and MV, i.e., particles are generally well
mixed in the MBL.
To summarize Sect. 3.3, cloud events were observed at
MV and can be identified based on the integrated concen-
trations between ground and cloud level. During the cloud
events, larger particles (mainly accumulation and coarse
mode) are activated to cloud droplets. Aitken mode particles
starting with sizes of roughly 40 nm can also be activated to
cloud droplets if the cloud is strong enough. During noncloud
events, PNC, PNSD and NCCN are similar at CVAO and MV.
The aerosol particles measured at ground level (CVAO) can
represent the aerosol particles at the cloud level (MV).
3.4 Particle hygroscopicity
In this section, we will focus on NCCN, dcrit and κ mea-
surements at CVAO. As outlined above, PNSDs and NCCN
measured at ground level are similar to those at cloud level.
Therefore, measurements at CVAO can be representative of
that at MV. Firstly, a thorough statistical analysis of NCCN,
dcrit and κ will be discussed. Secondly, the marine and dust
aerosol contributions of particles to NCCN and their κ values
will be compared.
3.4.1 Statistical analysis of NCCN, dcrit and κ
Figure 10a shows the time series of Ntotal and NCCN, dcrit
in Fig. 10b and κ in Fig. 10c, with different colors for dif-
ferent supersaturations. The error bars of dcrit show 1 stan-
dard deviation (SD), and error bars of κ show 1 geometric
standard deviation (geoSD). Explanation of error bars can
be found in Sect. 2.4 as well as in the Supplement. NCCN
shows large variability, e.g., NCCN,0.30 % varied from 106 to
884 cm−3, with a median of 509 cm−3. We observed high-
est NCCN,0.30 % of 503 cm−3 (median) during dust type2 pe-
riods, and lowest NCCN,0.30 % of 109 cm−3 (median) during
marine periods.NCCN,0.30 % during different aerosol type pe-
riods are summarized in Table 2. Figure 11a shows the box-
plot of NCCN at different supersaturations during the whole
campaign. As can be seen, NCCN increases towards higher
supersaturation, which is expected. The median of NCCN
at different supersaturations also exhibited large variability,
varying from 327 (median) at a supersaturation of 0.15 % to
652 cm−3 (median) at a supersaturation of 0.70 %. Table 3
summarizes those numbers and shows additional details.
dcrit at supersaturations of 0.15 %, 0.20 %, 0.50 % and
0.70 % were almost constant throughout the campaign, as
shown in Fig. 10b. The mean value of dcrit and its SD are
summarized in Table 3. For the supersaturations of 0.70 %
and 0.50 %, dcrit is below 80 nm, i.e., inside the Aitken
mode. However, for the lower supersaturations of 0.15 %
and 0.20 %, dcrit is located in the accumulation mode. Con-
sequently, hygroscopicities derived at these supersaturations
can be assumed to be representative of the Aitken (at su-
persaturations of 0.70 % and 0.50 %) and the accumulation
modes (at supersaturation of 0.10 % and 0.20 %), respec-
tively. dcrit at a supersaturation of 0.30 % (dcrit,0.30 %) is not as
constant as it is at other supersaturations, and it is larger dur-
ing the marine type period than during other periods. With
a median of 79.7 nm, it is close to the Hoppel minimum.
Therefore, the hygroscopicity derived at a supersaturation of
0.30 % can be assumed to be representative of the mixture of
Aitken and accumulation particles.
The particle hygroscopicity, expressed as κ , can be seen as
a measure for average particle chemical composition. κ val-
ues at different supersaturations show little variability over
time (lower panel in Fig. 10), with geoSD lower than 0.12,
i.e., there is no clear trend in κ over time during the cam-
paign. A slightly increasing trend of κ was observed with
decreasing supersaturations, as shown in Fig. 11c. At super-
saturations of 0.70 % and 0.50 %, i.e., for Aitken mode par-
ticles, κ values are 0.18 and 0.25 (geomean), respectively.
At the lowest supersaturation of 0.15 % and 0.20 %, i.e., for
accumulation mode particles, κ values are 0.32 and 0.34 (ge-
omean). Table 3 summarizes those numbers and shows addi-
tional details.
Figure 11d shows κ as a function of dcrit and error bars
of κ and dcrit show geoSD and SD, respectively. A slightly
increasing trend of κ over increasing dcrit is observed. It
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Figure 10. Time series of NCCN in (a), dcrit in (b) and κ in (c). All of those are measured at CVAO. Error bars of dcrit and κ show 1 standard
deviation and 1 geometric standard deviation. The color bar in (c) indicates the times of different aerosol type periods.
Table 3. Median and mean values of NCCN, dcrit, κ , 1 standard deviation of dcrit and 1 geometric standard deviation of κ at different
supersaturations.
Supersaturation (%) NCCN (cm−3) dcrit (nm) κ
median, mean±SD mean±SD geomean, +geoSD, −geoSD∗
Whole campaign 0.15 327, 320± 88 123.8± 8.9 0.32, 0.09, 0.07
0.20 414, 400± 112 100.4± 7.7 0.34, 0.10, 0.08
0.30 509, 495± 143 79.7± 8.4 0.30, 0.12, 0.08
0.50 602, 593± 176 59.8± 6.9 0.25, 0.09, 0.07
0.70 652, 638± 186 53.3± 6.5 0.18, 0.08, 0.06
Marine 0.15 146, 155± 37 121.2± 5.0 0.34, 0.08, 0.06
0.20 166, 177± 43 103.5± 7.8 0.31, 0.10, 0.08
0.30 190, 202± 49 87.8± 15.7 0.23, 0.17, 0.10
0.50 191, 215± 70 56.9± 5.7 0.30, 0.12, 0.09
0.70 235, 260± 72 46.1± 2.2 0.28, 0.06, 0.05
Dust type2 0.15 259, 242± 56 124.6± 4.7 0.32, 0.07, 0.06
0.20 370, 357± 77 96.9± 4.2 0.37, 0.08, 0.07
0.30 503, 501± 105 74.9± 3.6 0.36, 0.08, 0.06
0.50 654, 636± 125 60.4± 3.2 0.25, 0.06, 0.05
0.70 798, 764± 111 52.6± 5.5 0.19, 0.08, 0.06
∗ 1 geometric standard deviation
suggests that the soluble, likely inorganic, material added
during cloud processing increases κ of the originally very
organic-rich particles, which has also been observed in pre-
vious studies (Kalivitis et al., 2015; Kristensen et al., 2016).
Overall, κ averaged 0.28. Pringle et al. (2010) used an at-
mospheric chemistry model to derive global distributions of
effective particle hygroscopicity κ . For CVAO, this model
resolved an annual cycle of monthly-mean κ values ranging
from 0.25 in February to 0.60 in April. This annual circle of κ
likely originated in a change of chemical composition of the
aerosol throughout the year, related to different precursors
and a higher organic content during times with higher algal
activity. For September and October, the period of this study,
values of 0.35 and 0.30 were reported, respectively, which is
consistent with what we obtained during this campaign.
The Hoppel minimum diameter range of 70 to 100 nm for
different aerosol types (mentioned in Sect. 3.2.2), together
with the average κ of 0.28, can be used to obtain a rough
estimate of maximum supersaturations present in trade wind
clouds along the path of the sampled air masses. Resulting
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Figure 11. Boxplots of NCCN (a), dcrit (b) and κ (c) at different
supersaturations (SS). Whiskers show the 10th to 90th percentiles.
Circles show the outliers (1 %). (d) κ as a function of dcrit. Error
bars of dcrit and κ show 1 standard deviation and 1 geometric stan-
dard deviation, respectively.
values are roughly 0.22 % to 0.37 % for dust type2 and ma-
rine air masses, respectively. These are close to an earlier
estimate given in Clarke et al. (1996) of 0.35 %, and they can
be interpreted as typical values for trade wind cumuli.
3.4.2 Dust and marine comparison
In this section, we will focus on examining the difference
between the cleanest periods (marine type) and heaviest ob-
served dust pollution periods (dust type2). Therefore, we
compared NCCN and κ during marine type and dust type2
periods. Figure 12a shows the boxplot of NCCN as a func-
tion of supersaturation. As outlined above, during dust pe-
riods, the aerosol shows a great enhancement in the Aitken,
accumulation and coarse mode particles; therefore, overall
NCCN increases at different supersaturations. It is clear that
NCCN during dust type2 periods is much higher than that dur-
ing marine periods. For example, NCCN,0.30 % median values
were 503 and 190 cm−3 during dust type2 and marine peri-
ods, respectively. During marine periods, Ncoarse, i.e., SSA
particles, accounted for roughly 3.7 % ofNCCN,0.30 %, for the
range of wind speeds from 4 to 10 m s−1 that were present
during this study. This is relatively low compared to Wex
et al. (2016), who found that the SSA particles accounted for
up to 15 % of NCCN,0.30 % for wind speeds up to 14 m s−1 for
the marine aerosol on Barbados, and Modini et al. (2015),
who found that SSA particles accounted for up to 16 % to
28 % (wind speeds up to 16 m s−1) and 5 % to 10 % (wind
speed from 4 to 10 m s−1) of NCCN,0.30 %. However, these
fractions not only depend on the concentrations of SSA but
Figure 12. (a) Boxplots of NCCN as a function of κ for marine type
(blue) and dust type2 (black). Whiskers show the 10th to 90th per-
centiles. The predicted NCCN based on median PNSD and different
κ values (0.1, 0.2, 0.3, 0.4 and 0.5) are shown in solid (during dust
type2 period) and dashed lines (during marine period). (b) κ as a
function of dcrit for marine type (blue) and dust type2 (black). Er-
ror bars of dcrit and κ show 1 standard deviation and 1 geometric
standard deviation, respectively.
also on those of particles in the accumulation mode, which
have other sources. Still, the respective accumulation modes
and related particle concentrations in Modini et al. (2015),
Wex et al. (2016) and the present study resemble each other.
Therefore the lower fractions of SSA particles in our study
are likely connected to the low wind speeds (lower SSA num-
ber concentration) or, to some extent, to different accumula-
tion mode particle number concentrations.
κ as a function of dcrit is shown in Fig. 12b. The error
bars of dcrit and κ show SD and geoSD, respectively. Dur-
ing dust type2, slightly increasing κ with increasing dcrit was
observed, similar to the overall trend we described above. κ
featured lower values from 0.13 to 0.31 for Aitken mode par-
ticles, while higher values from 0.26 to 0.45 were found for
accumulation mode particles. Until now, the only field mea-
surement of particle hygroscopicity during a dust plume at
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Cabo Verde was carried out by Schladitz et al. (2011a), who
found that hygroscopic particles featured a κ value (based
on hygroscopic growth factor of particles) from 0.35 to 0.65.
Our CCN-derived κ values in this study for the aerosol influ-
enced by dust are therefore comparable to the values reported
by Schladitz et al. (2011a).
No clear trend of κ with dcrit was observed during marine
type periods (as shown in Fig. 12), during which κ averaged
0.30. Larger error bars of κ and dcrit at the supersaturation of
0.30 % were observed, as in this case the dcrit is close to the
Hoppel minimum, where a small change in NCCN causes a
comparably large change in dcrit (explained in the Supple-
ment). Kristensen et al. (2016) found that, for the marine
aerosol on Barbados in June and July 2013, values for κ of
0.2 to 0.5 were derived, which are consistent with this study.
When considering the scatter observed in κ (see the error bars
in Fig. 12), κ during the dust type2 period still agreed with
that of the marine period within uncertainty. Therefore, no
distinguishable differences in κ during marine and dust peri-
ods in the size range from 40 to 140 nm were found during
this campaign.
We additionally derived NCCN based on PNSDs. For that,
we assumed values for κ of 0.1, 0.2, 0.3, 0.4 or 0.5, and
we calculated the corresponding dcrit at different supersat-
urations. The integrated particle number concentrations in
the size range larger than dcrit were derived from the median
PNSDs during dust type2 and marine periods. These particle
number concentrations also can be treated as the predicted
NCCN at different supersaturations, as shown in solid (dust
type2) and dashed (marine type) lines with different colors
(indicating different κ) in Fig. 12a. As expected, the thusly
derived NCCN values were within the measured NCCN range.
Comparing the solid and dashed lines, it can be seen that
different aerosol types, i.e., different PNSDs, played an im-
portant role in NCCN variation. When looking at the results
from the different κ values, we found that the particle chem-
ical composition did not control NCCN, especially when the
particle number concentration was very low. These colored
solid and dashed lines connected the κ and NCCN, which can
be helpful for NCCN predictions in modeling studies.
To summarize Sect. 3.4, overall there is a slight increase in
κ with particle size, indicating the addition of soluble, likely
inorganic, material during cloud processing. κ values in this
study are comparable to previous model work and field mea-
surements. NCCN during the heaviest observed dust periods
is much higher than that during marine periods, while κ val-
ues for these two periods show no significant difference.
4 Conclusions
The MarParCloud campaign took place in September and
October 2017 on Cabo Verde to investigate the aerosols pre-
vailing in the Atlantic Ocean. As the first in a series of publi-
cations to come from the MarParCloud campaign, this study
provides a thorough characterization of the abundance, prop-
erties and sources of aerosol particles in general, and CCN
in particular, close to both sea-level and cloud-level heights
with measurements done at the Cape Verde Atmospheric Ob-
servatory (CVAO) and on the top of Monte Verde (MV), re-
spectively.
Ntotal varied from ∼ 200 to ∼ 1500 cm−3, with a me-
dian of ∼ 700 cm−3 at CVAO. A trimodal parameterization
method was deployed to characterize PNC. Based on num-
ber concentrations in different aerosol modes, four well-
separable types of PNSDs were found, i.e., the marine type,
mixture type, dust type1 and dust type2. These different
aerosol types originate from different regions. The marine
type aerosol mainly originates from the Atlantic Ocean,
while the dust type aerosol mainly comes from the Saha-
ran region. During marine periods, the coarse mode can be
attributed to sea spray aerosol, and the corresponding par-
ticle number concentration accounted for about 3.7 % of
NCCN,0.30 % and for about 1.1 % to 4.4 % of Ntotal. Because
of lower wind speeds that were present at CVAO, this value is
lower than previous field measurements (Modini et al., 2015;
Wex et al., 2016).
A thorough comparison of PNC, PNSDs and NCCN at
CVAO and MV clearly showed these parameters to be sim-
ilar at both stations in the absence of clouds. Cloud events
were observed at MV during roughly 58 % of the time. Dur-
ing the cloud events, larger particles (mainly accumulation
and coarse mode) are activated to cloud droplets and our data
suggest that the maximum supersaturation in the clouds is
higher the cleaner the air mass gets, leading to a lower Hop-
pel minimum. Altogether, it was observed that the boundary
layer is generally well mixed; therefore, CVAO can be used
to describe the aerosol particles at cloud level.
Overall, κ averaged 0.28, suggesting the presence of or-
ganic material in particles. This is consistent with previous
model work (Pringle et al., 2010) and field measurements of
hygroscopic growth (Schladitz et al., 2011a) done for the lo-
cation of Cabo Verde. There is a slight increase in κ with par-
ticle size, indicating the addition of soluble, likely inorganic,
material during cloud processing. When looking at the two
most different aerosol types, the marine type and dust type2,
κ values for these periods show no significant difference. On
the other hand, dust plumes enhanced particle concentrations
in the Aitken, accumulation and coarse modes and therefore
increased NCCN; NCCN,0.30 % during the strongest observed
dust periods is about 2.5 times higher than that during ma-
rine periods.
Data availability. The data are available through the World Data
Center PANGAEA (https://doi.pangaea.de/10.1594/PANGAEA.
905070, Gong et al., 2019).
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Wiedensohler, A., and Weinbruch, S.: Ground-based off-line
aerosol measurements at Praia, Cape Verde, during the Saha-
ran Mineral Dust Experiment: microphysical properties and min-
eralogy, Tellus B, 63, 459–474, https://doi.org/10.1111/j.1600-
0889.2011.00546.x, 2011b.
Karydis, V. A., Kumar, P., Barahona, D., Sokolik, I. N., and Nenes,
A.: On the effect of dust particles on global cloud condensation
nuclei and cloud droplet number, J. Geophys. Res.-Atmos., 116,
D23204, https://doi.org/10.1029/2011JD016283, 2011.
www.atmos-chem-phys.net/20/1431/2020/ Atmos. Chem. Phys., 20, 1431–1449, 2020
1448 X. Gong et al.: Aerosol particles at Cabo Verde at sea level and at the cloud level – Part 1
Köhler, H.: The nucleus in and the growth of hygroscopic droplets,
T. Faraday Soc., 32, 1152–1161, 1936.
Kristensen, T. B., Müller, T., Kandler, K., Benker, N., Hartmann,
M., Prospero, J. M., Wiedensohler, A., and Stratmann, F.: Prop-
erties of cloud condensation nuclei (CCN) in the trade wind
marine boundary layer of the western North Atlantic, Atmos.
Chem. Phys., 16, 2675–2688, https://doi.org/10.5194/acp-16-
2675-2016, 2016.
Lieke, K., Kandler, K., Scheuvens, D., Emmel, C., Von Glahn, C.,
Petzold, A., Weinzierl, B., Veira, A., Ebert, M., Weinbruch, S.,
and Schütz, L.: Particle chemical properties in the vertical col-
umn based on aircraft observations in the vicinity of Cape Verde
Islands, Tellus B, 63, 497–511, https://doi.org/10.1111/j.1600-
0889.2011.00553.x, 2011.
Modini, R. L., Frossard, A. A., Ahlm, L., Russell, L. M., Corrigan,
C. E., Roberts, G. C., Hawkins, L. N., Schroder, J. C., Bertram,
A. K., Zhao, R., Lee, A. K. Y., Abbatt, J. P. D., Lin, J., Nenes, A.,
Wang, Z., Wonaschütz, A., Sorooshian, A., Noone, K. J., Jons-
son, H., Seinfeld, J. H., Toom-Sauntry, D., Macdonald, A. M.,
and Leaitch, W. R.: Primary marine aerosol-cloud interactions
off the coast of California, J. Geophys. Res.-Atmos., 120, 4282–
4303, https://doi.org/10.1002/2014JD022963, 2015.
Nie, W., Ding, A., Wang, T., Kerminen, V.-M., George, C., Xue,
L., Wang, W., Zhang, Q., Petäjä, T., Qi, X., Gao, X., Wang,
X., Yang, X., Fu, C., and Kulmala, M.: Polluted dust pro-
motes new particle formation and growth, Sci. Rep., 4, 6634,
https://doi.org/10.1038/srep06634, 2014.
Petters, M. D. and Kreidenweis, S. M.: A single parameter
representation of hygroscopic growth and cloud condensa-
tion nucleus activity, Atmos. Chem. Phys., 7, 1961–1971,
https://doi.org/10.5194/acp-7-1961-2007, 2007.
Pfeifer, S., Müller, T., Weinhold, K., Zikova, N., Martins dos
Santos, S., Marinoni, A., Bischof, O. F., Kykal, C., Ries,
L., Meinhardt, F., Aalto, P., Mihalopoulos, N., and Wieden-
sohler, A.: Intercomparison of 15 aerodynamic particle size
spectrometers (APS 3321): uncertainties in particle sizing and
number size distribution, Atmos. Meas. Tech., 9, 1545–1551,
https://doi.org/10.5194/amt-9-1545-2016, 2016.
Prather, K. A., Bertram, T. H., Grassian, V. H., Deane, G. B.,
Stokes, M. D., DeMott, P. J., Aluwihare, L. I., Palenik, B. P.,
Azam, F., Seinfeld, J. H., Moffet, R. C., Molina, M. J., Cappa,
C. D., Geiger, F. M., Roberts, G. C., Russell, L. M., Ault,
A. P., Baltrusaitis, J., Collins, D. B., Corrigan, C. E., Cuadra-
Rodriguez, L. A., Ebben, C. J., Forestieri, S. D., Guasco,
T. L., Hersey, S. P., Kim, M. J., Lambert, W. F., Modini,
R. L., Mui, W., Pedler, B. E., Ruppel, M. J., Ryder, O. S.,
Schoepp, N. G., Sullivan, R. C., and Zhao, D.: Bringing the
ocean into the laboratory to probe the chemical complexity of
sea spray aerosol, P. Natl. Acad. Sci. USA, 110, 7550–7555,
https://doi.org/10.1073/pnas.1300262110, 2013.
Pringle, K. J., Tost, H., Pozzer, A., Pöschl, U., and Lelieveld, J.:
Global distribution of the effective aerosol hygroscopicity pa-
rameter for CCN activation, Atmos. Chem. Phys., 10, 5241–
5255, https://doi.org/10.5194/acp-10-5241-2010, 2010.
Prospero, J. M., Ginoux, P., Torres, O., Nicholson, S. E., and Gill,
T. E.: Environmental characterization of global sources of atmo-
spheric soil dust identified with the nimbus 7 total ozone map-
ping spectrometer (TOMS) absorbing aerosol product, Rev. Geo-
phys., 40, 2-1–2-31, https://doi.org/10.1029/2000RG000095,
2002.
Quinn, P. K., Collins, D. B., Grassian, V. H., Prather, K. A.,
and Bates, T. S.: Chemistry and Related Properties of Freshly
Emitted Sea Spray Aerosol, Chem. Rev., 115, 4383–4399,
https://doi.org/10.1021/cr500713g, 2015.
Quinn, P. K., Coffman, D. J., Johnson, J. E., Upchurch, L. M.,
and Bates, T. S.: Small fraction of marine cloud condensation
nuclei made up of sea spray aerosol, Nat. Geosci., 10, 674,
https://doi.org/10.1038/ngeo3003, 2017.
Roberts, G. C. and Nenes, A.: A Continuous-Flow Stream-
wise Thermal-Gradient CCN Chamber for Atmospheric
Measurements, Aerosol Sci. Technol., 39, 206–221,
https://doi.org/10.1080/027868290913988, 2005.
Rolph, G.: Real-time environmental applications and display sys-
tem (READY) website, available at: https://www.ready.noaa.
gov/index.php (last access: 4 February 2020), 2003.
Rosati, B., Gysel, M., Rubach, F., Mentel, T. F., Goger, B., Poulain,
L., Schlag, P., Miettinen, P., Pajunoja, A., Virtanen, A., Klein
Baltink, H., Henzing, J. S. B., Größ, J., Gobbi, G. P., Wieden-
sohler, A., Kiendler-Scharr, A., Decesari, S., Facchini, M. C.,
Weingartner, E., and Baltensperger, U.: Vertical profiling of
aerosol hygroscopic properties in the planetary boundary layer
during the PEGASOS campaigns, Atmos. Chem. Phys., 16,
7295–7315, https://doi.org/10.5194/acp-16-7295-2016, 2016a.
Rosati, B., Herrmann, E., Bucci, S., Fierli, F., Cairo, F., Gysel, M.,
Tillmann, R., Größ, J., Gobbi, G. P., Di Liberto, L., Di Don-
francesco, G., Wiedensohler, A., Weingartner, E., Virtanen, A.,
Mentel, T. F., and Baltensperger, U.: Studying the vertical aerosol
extinction coefficient by comparing in situ airborne data and
elastic backscatter lidar, Atmos. Chem. Phys., 16, 4539–4554,
https://doi.org/10.5194/acp-16-4539-2016, 2016b.
Rose, D., Gunthe, S. S., Mikhailov, E., Frank, G. P., Dusek, U.,
Andreae, M. O., and Pöschl, U.: Calibration and measurement
uncertainties of a continuous-flow cloud condensation nuclei
counter (DMT-CCNC): CCN activation of ammonium sulfate
and sodium chloride aerosol particles in theory and experiment,
Atmos. Chem. Phys., 8, 1153–1179, https://doi.org/10.5194/acp-
8-1153-2008, 2008.
Salvador, P., Artíñano, B., Molero, F., Viana, M., Pey, J., Alastuey,
A., and Querol, X.: African dust contribution to ambient aerosol
levels across central Spain: Characterization of long-range trans-
port episodes of desert dust, Atmos. Res., 127, 117–129,
https://doi.org/10.1016/j.atmosres.2011.12.011, 2013.
Salvador, P., Almeida, S. M., Cardoso, J., Almeida-Silva, M.,
Nunes, T., Cerqueira, M., Alves, C., Reis, M. A., Chaves,
P. C., Artíñano, B., and Pio, C.: Composition and ori-
gin of PM10 in Cape Verde: Characterization of long-
range transport episodes, Atmos. Environ., 127, 326–339,
https://doi.org/10.1016/j.atmosenv.2015.12.057, 2016.
Sassen, K., DeMott, P. J., Prospero, J. M., and Poellot, M. R.:
Saharan dust storms and indirect aerosol effects on clouds:
CRYSTAL-FACE results, Geophys. Res. Lett., 30, 1633,
https://doi.org/10.1029/2003GL017371, 2003.
Schladitz, A., Müller, T., Nordmann, S., Tesche, M., Groß,
S., Freudenthaler, V., Gasteiger, J., and Wiedensohler, A.:
In situ aerosol characterization at Cape Verde, Part 2:
Parameterization of relative humidity- and wavelength-
Atmos. Chem. Phys., 20, 1431–1449, 2020 www.atmos-chem-phys.net/20/1431/2020/
X. Gong et al.: Aerosol particles at Cabo Verde at sea level and at the cloud level – Part 1 1449
dependent aerosol optical properties, Tellus B, 63, 549–572,
https://doi.org/10.1111/j.1600-0889.2011.00568.x, 2011a.
Schladitz, A., Müller, T., Nowak, A., Kandler, K., Lieke, K.,
Massling, A., and Wiedensohler, A.: In situ aerosol characteriza-
tion at Cape Verde, Part1: Particle number size distributions, hy-
groscopic growth and state of mixing of mrine and Saharan dust
aerosol, Tellus B, 63, 531–548, https://doi.org/10.1111/j.1600-
0889.2011.00569.x, 2011b.
Seinfeld, J. H. and Pandis, S. N.: Atmospheric chemistry and
physics: from air pollution to climate change, John Wiley &
Sons, 2016.
Shao, Y., Wyrwoll, K.-H., Chappell, A., Huang, J., Lin, Z.,
McTainsh, G. H., Mikami, M., Tanaka, T. Y., Wang,
X., and Yoon, S.: Dust cycle: An emerging core theme
in Earth system science, Aeolian Res., 2, 181–204,
https://doi.org/10.1016/j.aeolia.2011.02.001, 2011.
Stein, A. F., Draxler, R. R., Rolph, G. D., Stunder, B. J. B., Cohen,
M. D., and Ngan, F.: NOAA’s HYSPLIT Atmospheric Transport
and Dispersion Modeling System, B. Am. Meteorol. Soc., 96,
2059–2077, https://doi.org/10.1175/bams-d-14-00110.1, 2015.
Stocker, T.: Climate change 2013: the physical science basis: Work-
ing Group I contribution to the Fifth assessment report of the In-
tergovernmental Panel on Climate Change, Cambridge Univer-
sity Press, 2014.
Swap, R., Garstang, M., Greco, S., Talbot, R., and Kallberg, P.:
Saharan dust in the Amazon Basin, Tellus B, 44, 133–149,
https://doi.org/10.1034/j.1600-0889.1992.t01-1-00005.x, 1992.
Tanaka, T. Y. and Chiba, M.: A numerical study of
the contributions of dust source regions to the global
dust budget, Global Planet. Change, 52, 88–104,
https://doi.org/10.1016/j.gloplacha.2006.02.002, 2006.
Tesche, M., Ansmann, A., Müller, D., Althausen, D., Engelmann,
R., Freudenthaler, V., and Groß, S.: Vertically resolved sepa-
ration of dust and smoke over Cape Verde using multiwave-
length Raman and polarization lidars during Saharan Mineral
Dust Experiment 2008, J. Geophys. Res.-Atmos., 114, D13202,
https://doi.org/10.1029/2009JD011862, 2009.
Twomey, S.: Pollution and the planetary albedo, Atmos. Environ.,
8, 1251–1256, 1974.
van Pinxteren, M., Fomba, K. W., Triesch, N., Stolle, C., Wurl,
O., Bahlmann, E., Gong, X., Voigtländer, J., Wex, H., Robinson,
T.-B., Barthel, S., Zeppenfeld, S., Hoffmann, E. H., Roveretto,
M., Li, C., Grosselin, B., Daële, V., Senf, F., van Pinxteren, D.,
Manzi, M., Zabalegui, N., Frka, S., Gašparović, B., Pereira, R.,
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S1 Combined MPSS and APS PNSDs
The dry density of Saharan dust particles was determined in a range of ρ = 2450 - 2700 kg m−3 over the Cape Verde Islands
(Haywood et al., 2001). The dry particle density of sodium chloride is known to be ρ = 2160 kg m−3. The overall effective
density of the dust and sea-salt fraction is approximately 2, as recommenced in Schladitz et al. (2011).
The dry dynamic shape factor χ of mineral dust is χ = 1.25 (Kaaden et al., 2009) for 1 µm particles, whereas the dynamic5
shape factor for sodium chloride is χ = 1.08 (Kelly and McMurry, 1992; Gysel and Stratmann, 2013). We used the average
shape factor of 1.17 in this study.
Based on these, a conversion from aerodynamic to geometric diameters were done for the APS data, and particle number
concentrations from the APS were used to correct the multiply charged particle concentrations in the upper size range where
the MPSS measured.10
S2 Accounting for particle losses
The particle losses related to the transport of aerosol particles within the inlet tube system are determined using the Particle
Loss Calculator (PLC) (von der Weiden et al., 2009). Size-dependent particle losses due to diffusion, sedimentation, turbulent
inertial deposition, inertial deposition in a bend, and inertial deposition in a contraction are accounted for. The resulting particle
































Figure S1. Size-dependent particle loss through the inlet at at the site close to sea level (CVAO) and on the mountaintop (MV).
2
S3 Monte Carlo simulation
The uncertainty in κ, which results from uncertainties of the PNSD measurements and the supersaturations of the CCNc, was
determined by applying a Monte Carlo simulation (MCS) in a similar fashion as done by Kristensen et al. (2016) and Herenz
et al. (2018).
The particle diameter which is selected with a differential mobility analyzer (DMA) has an uncertainty of 3.0% (correspond-5
ing to one standard deviation). The measured particle number concentration has an uncertainty of 5.0% (corresponding to one
standard deviation). In addition, the effective supersaturation in CCNc has a relative uncertainty of 3.5% (corresponding to one
standard deviation) for supersaturation above 0.20%. Below a supersaturation of 0.20%, the same absolute uncertainty as for
a supersaturation of 0.20% can be assumed. These uncertainties have been inferred from several supersaturation calibrations
that were performed at the Leibniz Institute for Tropospheric Research (TROPOS). All of the measurement uncertainties can10
be found in the ACTRIS protocol (Gysel and Stratmann, 2013). To consider the impact of these uncertainties on dcrit and κ
in a realistic way, a Monte Carlo simulation (MCS) based on random normal distributions was used. This following general
equation was applied:
sMC = s+ s ∗u ∗ p (S1)
where u is the relative uncertainty, p is a random number, s is the measured signal and sMC is the resulting MCS signal. This15
was done for 10 000 random and normally distributed numbers p, with a mean of 0 and a standard deviation of 1, which then
results in 10 000 values for sMC with a variability that is characterized by u.
Firstly, the uncertainty in dcrit was obtained by a MCS based on one exemplary PNSDs, the related NCCN and a 5.0%
uncertainty in the particle number concentration. Eq. S1 was used to vary the particle number concentration of each size bin of
the PNSD to calculate 10 000 dcrit values, of which a distribution is shown in Fig. S2(a). The mean and 1 standard deviation of20
these 10 000 dcrit values can be taken from this distribution, and the overall uncertainty in dcrit was derived from those values
together with the 3.0% uncertainty in the particle sizing due to the DMA, using error propagation. This was then done for all
PNSDs. The resulting uncertainties are shown as error bars in the middle panel of Fig. 10.
Secondly, κ and the corresponding error bars in the lower panel of Fig. 10 are inferred by means of Eq. 1. The effective
supersaturation of the CCNc are 10 000 times Monte Carlo simulated (same procedure as for dcrit). Since the connection25
between κ and supersaturation is logarithmic, the resulting distribution of the 10 000 κ values is a log-normal distribution, as
can be seen in Fig. S2(b) for one exemplary case. Consequently, our final inferred κ and its uncertainty are the geometric mean
and the one standard geometric standard deviation of this distribution, respectively. The resulting uncertainties are shown as
error bars in the lower panel of Fig. 10.
Lastly, we calculated dcrit and κ uncertainties in a certain period. Combining all dcrit values in a certain period, we could30
get the total dcrit distribution. In this case, we took all of the dcrit at a supersaturation of 0.50% during the whole campaign
and the resulting distribution are shown in Fig. S2(c). The mean value and one standard deviation of dcrit can be taken from





















































Figure S2. (a) Distribution of 10 000 dcrit values after applying the MCS. (b) Distribution of 10 000 κ values after applying the MCS. (c)
Distribution of dcrit values over a certain period. (d) Distribution of κ values over a certain period.
The geometric mean value and one geometric standard deviation of κ can be taken from this distribution, which is shown in
Fig. 11(d) and Fig. 12(b).
4
S4 Balloon measurement
Balloon measurements were carried out at CVAO. One example of the result from such a measurement at 14:30 UTC on 17
September is shown in Fig. S3, including vertical profile of temperature and relative humility. The weather condition at that
moment is shown in Fig. S4.
Flight: 2017-09-17 16:55 UTC
Figure S3. Vertical profile of temperature and relative humility at 14:30 UTC on 17 September. Profiles up to about 1200 m can be measured.
From the measurements the inversion layer height was determined (here: ∼700 m).
Figure S4. Picture of weather condition at 14:30 UTC on 17 September.
5
S5 Particle classification
Fig. S5 shows the probability density function (PDF) of Ncoarse. Two distinct modes of PDF were observed, i.e., small mode in
the range from 0 to 25 cm−3, large mode in the range large than 25 cm−3. Based on a ground measurement at CVAO, Schladitz
et al. (2011) found the particle number concentration of the coarse mode (Ncoarse) is highly variable and the higher Ncoarse















Figure S5. PDF of Ncoarse during the whole campaign.
6
S6 Correlation ofNcoarse with wind speed during marine period
Fig. S6 shows Ncoarse as a function of wind speed during the marine type period. The coefficient of determination (R2) is 0.69
and p value is <0.01, which means a good correlation between coarse mode number concentration and wind speed. This is
consistent with the fact that these particles come from sea spray, i.e., are SSA (sea spray aerosol), generated from the process
























Figure S6. Ncoarse as a function of wind speed during the marine type period. The liner fitting function and R2 are given in the panel.
7
S7 Characterization of cloud events
Fig. S7 shows PDF of the ratio of NMVaccumulation to N
CVAO
accumulation in the upper panel. Clearly, three modes were observed. The
largest mode is located at the ratio of 1. The minimum between largest mode and smaller modes is at 0.85. Therefore, 0.85 can
be used as a threshold to classify cloud events and non-cloud events. For the periods when the three-modal log-normal fitting
function did not work (from 03:30 to 20:00 21 and 09:30 28 to 18:30 30 September), we used the ratio ofNMV80-800nm toN
CVAO
80-800nm5
and the PDF of this ratio can be seen in the lower panel in Fig. S7. When the ratio is lower than 0.75, we assume that MV is in






















Figure S7. PDF of the ratio betweenNMVaccumulation andNCVAOaccumulation in the upper panel and the ratio betweenNMV80-800nm andNCVAO80-800nm in the lower
panel.
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The resulting times for the occurrence of cloud events is shown by red shadows in Fig. S8. Time series of RH at MV is
shown by a black line in Fig. S8. It is clear that times with RH=100% are consistent with cloud events identified as described
above, which verifies our identification of cloud events.













 RH  Cloud events
Figure S8. Time series of RH at MV is shown by black line. Cloud event times are shown by red shadows.
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S8 Contour plots for PNSDs at CVAO and MV






















































Figure S9. Contour plots for PNSDs in the size range between 10 to 800 nm at MV (upper panel) and at CVAO (lower panel). The color
scale indicates dN/dlogDp in cm−3.
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S9 PNSDs at MV and CVAO during decoupled boundary layer period
Fig. S10 shows PNSDs at MV (red lines) and CVAO (black lines) from 10:30 to 11:00 16 September. This was a period during
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Figure S10. PNSDs at MV (in red) and CVAO (in black) from 10:30 to 11:00 16 September.
S10 Explanation of larger error bars for dcrit and κ at 0.30% during marine periods
At a supersaturation of 0.30% during the marine periods, κ and dcrit featured the largest observed variability. This can be seen5
from the larger error bars in Fig. 12. dcrit at 0.30% is close to the Hoppel minimum, and the particle number concentration
(dN/dlogDp) around the Hoppel minimum is lower than 100 cm−3. Assuming NCCN varied 2% during each ∼6-minute aver-
aged period, the absolute number concentration can change around 5 cm−3. The tiny variation of NCCN can change dcrit by
∼10 nm. Since κ is correlated to d3crit, the large error bar of κ results. To conclude, these larger error bars at a supersaturation
of 0.30% are due to the measurement uncertainty.10
11
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Abstract. Ice-nucleating particles (INPs) in the troposphere
can form ice in clouds via heterogeneous ice nucleation.
Yet, atmospheric number concentrations of INPs (NINP) are
not well characterized, and, although there is some under-
standing of their sources, it is still unclear to what extend
different sources contribute or if all sources are known. In
this work, we examined properties of INPs at Cabo Verde
(a.k.a. Cape Verde) from different environmental compart-
ments: the oceanic sea surface microlayer (SML), underlying
water (ULW), cloud water and the atmosphere close to both
sea level and cloud level.
Both enrichment and depletion of NINP in SML compared
to ULW were observed. The enrichment factor (EF) varied
from roughly 0.4 to 11, and there was no clear trend in EF
with ice-nucleation temperature.
NINP values in PM10 sampled at Cape Verde Atmospheric
Observatory (CVAO) at any particular ice-nucleation temper-
ature spanned around 1 order of magnitude below −15 ◦C,
and about 2 orders of magnitude at warmer temperatures
(>−12 ◦C). Among the 17 PM10 samples at CVAO, three
PM10 filters showed elevated NINP at warm temperatures,
e.g., above 0.01 L−1 at −10 ◦C. After heating samples at
95 ◦C for 1 h, the elevated NINP at the warm temperatures
disappeared, indicating that these highly ice active INPs were
most likely biological particles.
INP number concentrations in PM1 were generally lower
than those in PM10 at CVAO. About 83± 22 %, 67± 18 %
and 77± 14 % (median±standard deviation) of INPs had a
diameter> 1 µm at ice-nucleation temperatures of−12,−15
and −18 ◦C, respectively. PM1 at CVAO did not show such
elevated NINP at warm temperatures. Consequently, the dif-
ference in NINP between PM1 and PM10 at CVAO suggests
that biological ice-active particles were present in the super-
micron size range.
NINP in PM10 at CVAO was found to be similar to that on
Monte Verde (MV, at 744 m a.s.l.) during noncloud events.
During cloud events, most INPs on MV were activated to
cloud droplets. When highly ice active particles were present
in PM10 filters at CVAO, they were not observed in PM10
filters on MV but in cloud water samples instead. This is di-
rect evidence that these INPs, which are likely biological, are
activated to cloud droplets during cloud events.
For the observed air masses, atmospheric NINP values in
air fit well to the concentrations observed in cloud water.
When comparing concentrations of both sea salt and INPs in
both seawater and PM10 filters, it can be concluded that sea
spray aerosol (SSA) only contributed a minor fraction to the
atmosphericNINP. This latter conclusion still holds when ac-
counting for an enrichment of organic carbon in supermicron
particles during sea spray generation as reported in literature.
1 Introduction
Ice particle formation in tropospheric clouds can affect cloud
properties such as cloud lifetime, their radiative effects on
the atmosphere and the formation of precipitation (Hoose
Published by Copernicus Publications on behalf of the European Geosciences Union.
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and Möhler, 2012; Murray et al., 2012). Ice crystals in the
atmosphere can be formed either via homogeneous nucle-
ation below −38 ◦C or via heterogeneous nucleation aided
by aerosol particles known as ice-nucleating particles (INPs)
at any temperature below 0 ◦C. Immersion freezing refers to
the process when an INP becomes immersed in an aqueous
solution, e.g., through the process of cloud droplet activa-
tion (Vali et al., 2015). Immersion freezing is suggested to be
the most important freezing process for mixed-phase clouds
(Ansmann et al., 2008; Westbrook and Illingworth, 2013),
and is the process we will focus on in this study.
Submicron dust particles are recognized as effective INPs
below −20 ◦C (Augustin-Bauditz et al., 2014), and supermi-
cron dust particles were reported to be ice active even up
to −10 ◦C (Hoose and Möhler, 2012; Murray et al., 2012).
Laboratory studies on natural mineral dusts from different re-
gions have been conducted to quantify the ability of particles
to nucleate ice (Niemand et al., 2012; DeMott et al., 2015).
Mineral dust particles from deserts are composed of a variety
of minerals, and K-feldspar is supposed to be more active for
ice nucleation than other minerals in the mixed-phase cloud
temperature regime (Atkinson et al., 2013; Augustin-Bauditz
et al., 2014; Niedermeier et al., 2015). Boose et al. (2016)
found that ice activity of desert dust particles at temperatures
between −35 and −28 ◦C can be attributed to the sum of the
feldspar and quartz content. A high clay content, in contrast,
was associated with lower ice-nucleating activity. In contrast
to field measurements, in laboratory studies often separate
types of mineral dusts are examined. Different parameteri-
zations have been employed to summarize the mineral dust
particle’s ice-nucleating ability (Niemand et al., 2012; Ull-
rich et al., 2017).
A few field measurements have been carried out to quan-
tify the ice-nucleation properties of desert dust. Based on
airborne measurements, DeMott et al. (2003) found that ice-
nucleating aerosol particles in air masses over Florida had
sources from the north African desert. Chou et al. (2011) ob-
served a good correlation between the number concentration
of larger particles and INP number concentration (NINP) dur-
ing a Saharan dust event at Jungfraujoch in the Swiss Alps.
Collecting airborne dust over the Sahara, Price et al. (2018)
observed 2 orders of magnitude variability in NINP at any
particular temperature from ∼−13 to ∼−25 ◦C, which was
related to the variability in atmospheric dust loading. This
desert dust’s ice-nucleating activity was only weakly depen-
dent on differences in desert sources, i.e., on the differences
in mineral composition that particles emitted from different
locations in the desert may have. Schrod et al. (2017) found
that mineral dust or a constituent related to dust was a major
contributor to NINP for the aerosol on Cyprus, and NINP in
elevated dust plumes was on average a factor of 10 higher
than NINP at ground level, where the dust loading was lower.
Ocean water can be a potential source of INPs (Brier
and Kline, 1959). The source of INPs in ocean water might
be associated with phytoplankton blooms (Schnell and Vali,
1976). Recently, Wilson et al. (2015) and Irish et al. (2017)
found that organic material, with a diameter < 0.2 µm, is the
major ice nucleator in the sea surface microlayer (SML).
Based on a long-term measurement of INPs in the marine
boundary layer to the south of and around Australia, Bigg
(1973) suggested that INPs in ambient air were from a dis-
tant land source, from a stratospheric source, or brought to
sea level by convective mixing and possible ocean sources.
Schnell and Vali (1976) also suggested a marine source
could explain the observations of Bigg (1973). DeMott et al.
(2016) found that the ice-nucleating activity from laboratory-
generated sea spray aerosol (SSA) aligned well with mea-
surements from diverse regions over the oceans. Further-
more, a connection between marine biological activity and
NINP was uncovered in their laboratory study (DeMott et al.,
2016). In pristine marine conditions, such as the Southern
Ocean, SSA was the main source of the INP population, but
NINP was relatively low in the Southern Ocean as well as in
the clean marine northeast Atlantic (McCluskey et al., 2018a,
b). These field measurements are consistent with the model
work by Burrows et al. (2013), which emphasizes the impor-
tance of SSA contribution to INPs in remote marine regions.
It is currently still uncertain whether the coarse mode
particles or smaller particles are the major source of atmo-
spheric INPs. Vali (1966) found that the diameters of INPs
were mostly between 0.1 and 1 µm. On the high alpine re-
search station Jungfraujoch, Mertes et al. (2007) found that
ice residuals were as small as 300 nm, and they were mostly
present in the submicron particle size range. Simultaneous
measurements ofNINP and particle number size distributions
were used to develop parameterizations in which NINP de-
pends on a temperature-dependent fraction of all particles
with sizes above 500 nm (DeMott et al., 2010, 2015). Co-
nen et al. (2017) found that INPs at −8 ◦C were equally dis-
tributed amongst the particles with sizes up to 2.5 µm and
with sizes between 2.5 and 10 µm. Other field measurements
reported that coarse mode particles were more efficient INPs,
e.g., INPs (mainly bacterial aggregates and fungal spores)
occurred in the size range of 2–6 µm (Huffman et al., 2013).
Mason et al. (2016) found for Arctic aerosol that 91± 9 %,
79± 17 % and 63± 21 % (mean± 1 standard deviation) of
INPs had an aerodynamic diameter of > 1 µm at ice acti-
vation temperatures of −15, −20 and −25 ◦C, respectively.
Creamean et al. (2018) also found that supermicron or coarse
mode particles are the most proficient INPs at warmer tem-
peratures in the Arctic boundary layer, and they might be
biological INPs. Concerning biological INPs, it should be
mentioned that it is well understood by now that these con-
tain macromolecules of only some 10 nm in size at the most
(Pummer et al., 2015). Some of them are easily separated
from their carrier (e.g., from pollen and fungal spores; see,
for example, Augustin et al., 2013; O’Sullivan et al., 2016,
respectively), while others are embedded in the cell mem-
brane (e.g., for bacteria; Hartmann et al., 2013), but based on
the fact that most atmospheric INPs seem to be supermicron
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in size, as observed in the above-cited literature, it seems that
most of the biological ice-active macromolecules still occur
together with their original carrier in the atmosphere.
Direct measurement of NINP in the cloud water can be
used to estimate concentrations of INPs in the air assum-
ing that most INPs activate as CCN. Joly et al. (2014) mea-
sured total and biological (i.e., heat-sensitive) INPs between
−5 and −14 ◦C in cloud samples from the summit of Puy
de Dôme (1465 m a.s.l., France). Petters and Wright (2015)
summarized many INP spectra obtained from rain water,
melted sleet, snow and hail samples at different sampling
locations and reported a range of NINP for these precipita-
tion samples. Based on a shipborne measurement of the east
coast of Nova Scotia, Canada, Schnell (1977) directly com-
pared NINP in the seawater to that in the fog water and found
that NINP in fog water and seawater appeared to vary quite
independently of each other. As one part of the study pre-
sented here, these field measurement values will be compared
with values obtained from our measurement campaign in the
framework of the MarParCloud (Marine biological produc-
tion, organic aerosol particles and marine clouds: a Process
Chain) project.
During the MarParCloud project, samples collected for
INP analysis include: SML and underlying water (ULW)
from the ocean upwind of the island; quartz fiber filter sam-
ples of atmospheric aerosol, collected on a tower installed
at the island shore (inlet height: 42 m a.s.l.) and on a moun-
taintop (inlet height: 746 m a.s.l.); and cloud water collected
during cloud events on the mountaintop. In this study, we
will first discuss NINP in the SML and ULW. We will then
discuss NINP in the air, including a comparison of NINP in
PM10 and PM1 and a comparison of NINP close to both sea
level and cloud level. Lastly, NINP in the cloud water will
be discussed. In addition, we will provide a feasible way to
link NINP in ambient air, ocean water and cloud water. This
connection could be drawn only during times when there
were cloud events on the mountaintop, together with data on
number concentrations of cloud condensation nuclei (NCCN).
Respective information was derived and discussed in an ac-
companying paper (Gong et al., 2020). For more information
about the campaign itself, we refer to an upcoming overview
paper by van Pinxteren et al. (2019).
2 Experiment and methods
2.1 Sampling sites and sample types
2.1.1 Sampling site
The measurement campaign was carried out on São Vicente
island at Cabo Verde from 13 September to 13 October 2017.
We set up three measurement stations at Cabo Verde: at the
Cape Verde Atmospheric Observatory (CVAO), on Monte
Verde (MV) and an ocean station (OS). CVAO (16◦51′49′′ N,
24◦52′02′′W) is located in the northeastern shore of the is-
land of São Vicente, 70 m from the coastline about 10 m a.s.l.
Filter samplers were installed on top of a 32 m tower. MV
(16◦52′11′′ N, 24◦56′02′′W) is located on a mountaintop
(744 m a.s.l), ∼ 7 km away to the west of CVAO. Filter sam-
plers were situated on the ground with the inlet 2 m above
the bottom, upwind of any installation on the mountaintop.
The OS covered an area at ∼ 16◦53′30′′ N, ∼ 24◦54′00′′W,
with a distance of at least 5 km from the island. Details on
the measurement sites and the meteorological conditions can
be found in the accompanying paper (Gong et al., 2020). In
short, the conditions at Cabo Verde were quite stable, with
temperature of on average 26.6 ◦C at CVAO and 21.2 ◦C at
MV and wind speeds between 0.6 and 9.7 m s−1 with direc-
tions from the northeast.
In the following, the different samples collected during the
campaign are described in detail. All of these samples were
stored at −20 ◦C right after sampling. After the campaign,
the long-term storage and transport of the collected samples
from Cabo Verde to the Leibniz Institute for Tropospheric
Research (TROPOS), Germany, was carried out in a cooled
container at −20 ◦C. At TROPOS, all samples were again
stored frozen at −20 ◦C until analysis was done. Measure-
ment sites, locations, sample types and additional informa-
tion are summarized in Table 1.
Following the description of the sampling, we will briefly
introduce the measurement methods related to INPs, includ-
ing freezing devices, NINP calculation and measurement un-
certainties. Note that all the times presented here are in
UTC (corresponding to LT+1). For better comparison, all
ambient particle number concentrations in this study are
given for standard temperature and pressure (STP, 0 ◦C and
1013.25 hPa).
2.1.2 Seawater sampling
Seawater samples were taken at the OS by using a fishing
boat at a distance of at least 5 km from the coast (offshore
samples). The SML samples were collected using a glass
plate sampler (Harvey and Burzell, 1972; Irish et al., 2017;
van Pinxteren et al., 2017). The glass plate had a surface area
of 2000 cm−2 and was immersed vertically into the ocean; it
was then withdrawn at a slow rate (between 5 and 10 cm s−1)
and allowed to drain for less than 5 s. The surface film ad-
hering to the surface of the glass was scraped off from both
sides of the glass plate with a framed Teflon wiper into a 1 L
glass bottle. For each SML sample, several liters were col-
lected and 1 L required ∼ 55 dips. Based on the amount of
material collected, the number of dips and the area of the
plate, the average thickness of the layer collected was cal-
culated as ∼ 91.0 µm. ULW samples were collected at the
same time and location as the SML samples. ULW was col-
lected from a depth of 1 m by a glass bottle mounted on a
telescopic rod in order to monitor sampling depth. The bottle
was opened underwater at the intended sampling depth with
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Table 1. Measurement sites, locations, sample types and measurement instruments.
Measurement site Location Sample type Instrument
CVAO 16◦51′49′′ N, 24◦52′02′′W PM1 quartz fiber filter INDA
inlet height: 42 m a.s.l. PM10 quartz fiber filter INDA
MV 16◦52′11′′ N, 24◦56′02′′W PM10 quartz fiber filter INDA
inlet height: 746 m a.s.l. Cloud water LINA, INDA
OS ∼ 16◦53′30′′ N, ∼ 24◦54′00′′W SML LINA, INDA
ULW LINA, INDA
a specifically designed seal opener. After collection, the glass
bottles containing both the SML and ULW samples were kept
in a freezer at −20 ◦C until analysis. During the campaign,
nine SML and nine ULW samples were collected for INP
analysis. Details of SML and ULW samples, including the
sampling time, location, salinity and additional information,
are provided in the Supplement (Table S1).
2.1.3 Aerosol particle sampling
Particle sampling was done using high-volume samplers with
either a PM10 inlet and or a PM1 inlet (Digitel filter sampler
DHA-80, Walter Riemer Messtechnik, Germany) operating
with an average flow rate of∼ 500 L min−1 for 24 h sampling
periods. The high-volume samples were collected on 150 mm
in diameter quartz fiber filters (Munktell, MK 360) with an
effective sampling area of 140 mm in diameter. The filters
were preheated in our laboratory at 110 ◦C for 24 h to remove
the organic carbon background. After sampling, the filters
were transported to a freezer where they were kept at−20 ◦C.
For INP analysis, a circular piece of these filters of 2 cm
in diameter was used from which then smaller pieces were
punched out for the analysis (see Sect. 2.2). From CVAO,
there were 17 and 19 filters from PM10 and PM1 collection
(CVAO PM10 and CVAO PM1), respectively, and at MV 17
filters were collected for PM10 (MV PM10). Field blind filters
were obtained by inserting clean filters into the Digitel sam-
pler for a period of 24 h without loading them. Three blind
filters were collected during this campaign. Details of filter
samples, including sampling time, duration, total volume and
additional information can be found in the Supplement (Ta-
ble S2 (CVAO PM10), Table S3 (CVAO PM1) and Table S4
(MV PM10)).
2.1.4 Cloud water sampling
During the campaign, MV was in clouds roughly 58 % of the
time (a detailed analysis on this can be found in Gong et al.,
2020). Cloud water was collected with CASCC2 (Caltech
Active Strand Cloud Collector Version 2) at MV. All cloud
drop sizes were collected in one bulk sample. Drops were
collected by inertial impaction on Teflon strands with a diam-
eter of 508 µm. The 50 % lower size cut for the CASCC2 was
approximately 3.5 µm diameter. The flow rate through the
CASCC2 was approximately 5.8 m3 min−1. The CASCC2 is
described in more detail in Demoz et al. (1996). Between
cloud events, the cloud water sampler was cleaned with a
large amount (∼ 5 L) of ultrapure water. Once the collector
was cleaned, a blank was taken by spraying about 200 mL of
ultrapure water into the collection strands in the collector and
subsequent sampling of this water. After collection, the cloud
water samples were kept in a freezer at −20 ◦C. During the
campaign, 13 cloud samples were collected for INP analysis.
The details of cloud samples, including sampling time, dura-
tion, volume and additional information are provided in the
Supplement (Table S5).
2.2 Freezing devices
Two droplet freezing devices called LINA (Leipzig Ice Nu-
cleation Array) and INDA (Ice Nucleation Droplet Array)
have been set up at TROPOS in Germany. The design of
LINA was inspired by Budke and Koop (2015). Briefly, 90
droplets with a volume of 1 µL were pipetted from the sam-
ples onto a thin hydrophobic glass slide, with each droplet
being placed separately into its own compartment. After
pipetting, the compartments were sealed at the top with an-
other glass slide to prevent the droplets from evaporation
and to prevent ice seeding from neighboring droplets. The
droplets were cooled on a Peltier element with a cooling rate
of 1 K min−1 down to −35 ◦C, while the setup was illumi-
nated by a circular light source from above. Once the cooling
started, pictures were taken every 6 s by a camera. The num-
ber of frozen versus unfrozen droplets was derived automat-
ically by an image identification program in Python. LINA
was employed to measure SML, ULW and cloud water sam-
ples in this study. More detailed parameters and the temper-
ature calibration of LINA and its application can be found in
previous studies (Chen et al., 2018; Gong et al., 2019a).
The design of INDA was inspired by Conen et al. (2012)
but uses PCR (polymerase chain reaction) trays instead of
separate tubes. For quartz fiber filters, circular pieces with a
diameter of 1 mm were punched out. Each of the 96 wells of a
PCR tray were filled with the filter piece together with 50 µL
of ultrapure water. For SML, ULW and cloud water samples,
50 µL of the water samples was filled into each PCR tray. Af-
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ter sealing by a transparent foil, the PCR tray was placed on
a sample holder and immersed into a bath thermostat, where
it was illuminated from below with a LED light source. The
bath thermostat then decreased the temperature with a cool-
ing rate of approximately 1 K min−1. Real-time images of the
PCR tray were recorded every 6 s by a CCD (charge-coupled
device) camera. Frozen droplets can be identified based on
the brightness change during the freezing process. A pro-
gram recorded the actual temperature of the cooling bath and
related it to the real-time images from the CCD camera. The
temperature in the PCR trays had been calibrated. More de-
tailed parameters and information of temperature calibration
of INDA and its application can be found in previous studies
(Chen et al., 2018; Hartmann et al., 2019).
2.3 Deriving NINP
2.3.1 Basic calculation
Based on Vali (1971), the cumulative concentration of INPs
(NINP) as a function of temperature per air or water volume










where Ntotal is the number of droplets and N(θ) is the num-
ber of frozen droplets at temperature θ . Equation (1) accounts
for the possibility of the presence of multiple INPs in one vial
by assuming that INPs are Poisson distributed. This way, the
cumulative number of INPs active at any temperature will be
obtained, although only the most ice-active INPs (nucleat-
ing ice at the highest temperature) present in each droplet or
well will be observed. As for the quartz fiber filters, V is the
volume of air collected onto one circular 1 mm filter piece
placed in each well, resulting in airborne NINP. Information
on the air volume can be found in the Supplement (Tables S2,
S3 and S4). As for the SML, ULW and cloud water, V is the
volume of droplet or well (VLINA = 1 µL, VINDA = 50 µL),
resulting in NINP per volume of water. Compared to the
droplets examined in a LINA measurement, INDA measure-
ments have a larger volume of water in each well. The larger
volume of water corresponds to a higher probability of the
presence of INPs in each well; therefore, INDA can detect
INPs at warmer temperatures, where INPs are more scarce.
In this study, the derived NINP values from LINA and INDA
measurements were combined when both instruments were
deployed.
2.3.2 Uncertainty and background
Because the number of INPs present in the water is usually
small (some single up to a few tens of INPs per examined
droplet or well), and the number of droplets or wells consid-
ered in our measurements is limited, statistical errors need
to be considered in the data evaluation. Therefore, confi-
dence intervals for fice were determined using the method
suggested by Agresti and Coull (1998). These confidence in-
tervals were estimated according to the improved Wald in-
terval, which implicitly assumes a normal approximation for
binomially distributed measurement errors. Previous studies
(McCluskey et al., 2018a; Suski et al., 2018; Gong et al.,
2019a) used the same method to calculate the measurement
uncertainties of the freezing devices.
For the quartz fiber filters, a background freezing signal
resulting from the field blind filters was determined by doing
a regular INDA measurement with these filters. Measured
NINP from the sampled filters was corrected by subtracting
the averaged background concentrations determined for the
blind filters, as explained in Wex et al. (2019). All values
for airborne NINP presented in the following are background
corrected. A detailed description of the background subtrac-
tion method and background values is provided in the Sup-
plement. For those samples that were already collected in a
liquid state (ULW, SML and cloud water), a background cor-
rection was not done.
2.3.3 Salinity correction of SML and ULW
SML and ULW samples were adjusted to account for the
freezing depression caused by dissolved salts in sea water.




nwater+ i · nsolute
, (3)
where the nsolute and nwater are the number of moles of solute
and water in solution, respectively. i is the van ’t Hoff fac-
tor (Pruppacher and Klett, 2010). We assumed sea salt to be
mainly sodium chloride, for which the van ’t Hoff factor is 2.
The freezing depression temperature as a function of aw was
taken from Koop and Zobrist (2009). In our study, this was
roughly a correction by 2.2 ◦C.
2.4 Active surface site density
A thorough analysis of particle number size distributions
(PNSDs) has been presented in Gong et al. (2020), and based
on these PNSDs we derived the particle surface area size dis-
tributions (PASDs) for use in this study (to be seen in the
Supplement, Fig. S14). These PASDs were used to deter-
mine the temperature-dependent cumulative active surface
site density (ns) for aerosol particles. The ns is a measure of
how well an aerosol acts as a seed surface for ice nucleation.
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where Atotal is the concentration of the total particle surface
area.
For cases where a single type of aerosol, such as one type
of mineral dust, is examined in laboratory studies, Atotal can
be the total particle surface area. However, when field exper-
iments are done, using the total particle surface area of the
atmospheric aerosol assumes that all particles contribute to
INPs and have the same ns, but the vast majority of these
particles will not even be an INP. On the other hand, singling
out the contribution of separate INP types in the atmospheric
aerosol and relating ns only to them by using their contri-
bution to the total surface area is at least demanding if not
often impossible. This has to be kept in mind when interpret-
ing heterogeneous ice nucleation in terms of ns. An example
of separating the ns for dust and marine ambient air can be
found in Cornwell et al. (2019).
3 Results
3.1 INPs in SML and ULW
Based on Eq. (1), the derived NINP in seawater as a function
of temperature is shown in Fig. 1, for both SML and ULW.
Note that for each sample a separate INP spectrum is shown.
Error bars show the 95 % confidence interval. For complete-
ness, fice of all seawater samples is shown in the Supple-
ment (Fig. S1 (measured by LINA) and Fig. S2 (measured
by INDA)). The variation in NINP at any particular temper-
ature is within 1 order of magnitude. Included in Fig. 1 are
previous studies of NINP measured east of Greenland in the
Arctic (shown as a red box) and east of North America in the
North Atlantic Ocean (shown as a black box) from Wilson
et al. (2015).
The concentration range detected for ULW in Wilson et al.
(2015) (both in the Arctic and the North Atlantic Ocean)
roughly agrees with our data. In Wilson et al. (2015), NINP
in the SML in the North Atlantic Ocean is at the lower end of
that found in the Arctic. A possible reason for this difference
could be the biological activity of the ocean water. Wilson
et al. (2015) found that organic material was correlated to
NINP in SML, and that NINP values per gram of total organic
carbon in the Arctic and the North Atlantic Ocean were com-
parable. A recent study found that the SML at Cabo Verde
was oligotrophic, which is supported by the low Chlorophyll-
a and transparent exopolymer particle concentrations found
during the MarParCloud campaign (Robinson et al., 2019).
The low biological activity in the SML around Cabo Verde
could be the reason why NINP in SML in this study is lower
than those reported in Wilson et al. (2015).
To better quantify the enrichment or depletion of NINP in
SML to ULW, we derived an enrichment factor (EF). An en-
richment might be expected as organic material is known to
attach to air bubbles rising to the ocean surface. The EF in
SML was calculated by dividing NINP in SML (NINP, SML)
Figure 1. NINP as a function of temperature in SML (a) and
ULW (b). Error bars show the 95 % confidence interval. Previous
field measurements of NINP in seawater by Wilson et al. (2015) are
compared, as shown by red and black boxes.






Enrichment of NINP in the SML is indicated when EF> 1,
while depletion is indicated when EF< 1. Figure 2 shows
the EF as a function of the temperature at which NINP was
determined in the freezing devices. Both enrichment and de-
pletion were observed, but there is no clear trend in the EF
with temperature. Most of the variation seen here is likely
caused by measurement uncertainties, which are indicated in
Fig. S3 in the Supplement. EF varied from 0.36 to 11.40 at
−15 ◦C and from 0.36 to 7.11 at −20 ◦C. By comparing T10
(the temperature at which 10 % of droplets had frozen) for
the SML and ULW, Wilson et al. (2015) observed higher en-
richment of INPs in SML in both the Arctic and the North
Atlantic Ocean. However, Irish et al. (2017) observed both
enrichment and depletion of INPs in SML in the Arctic, sim-
ilar to the observation made in the present study.
These differences in EF between studies might partially
be due to differences in the techniques deployed and dif-
ferent SML thicknesses in our and the other studies. SML
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Figure 2. Enrichment factor (EF) as a function of ice-nucleation
temperature. The EF= 1 result is shown by the dashed line.
samples were estimated to be about ∼ 91.0 µm thick in this
study, while for Wilson et al. (2015) they were between 6
and 83 µm. It is interesting to note that we used glass dip-
ping for the samples analyzed herein, while both glass dip-
ping and a rotating drum sampler were used in Wilson et al.
(2015). Previous studies pointed out that the rotating drum
sampler and the glass dipping method probe different thick-
nesses of the SML, thus making a direct comparison of both
SML thickness as well as enrichment factors generally diffi-
cult (Agogué et al., 2004; Aller et al., 2017).
3.2 NINP in air
Three different sets of filter samples were collected at CVAO
and MV, i.e., CVAO PM10, CVAO PM1 and MV PM10. In
this section, we will discuss NINP at CVAO for the two dif-
ferent size classes and compare NINP from close to the sea
level (CVAO) to that at cloud level (MV).
3.2.1 NINP close to sea level
CVAO PM10
NINP values as a function of temperature from CVAO PM10
filters and CVAO PM1 filters are shown in Fig. 3a and b.
Error bars show the 95 % confidence interval. The respective
values of fice are shown in the Supplement (Fig. S4 (CVAO
PM10) and Fig. S8 (CVAO PM1)), together with the results
from the blind filters. The CVAO PM10 filter samples were
all active at −11.3 ◦C and the highest freezing temperature
was found to be −5.0 ◦C. Filter samples collected in Cabo
Verde over the period 2009–2013 for INP measurement were
reported by Welti et al. (2018), and they are shown as a gray
background in Fig. 3a. The measured NINP in this study is
within the NINP range presented by Welti et al. (2018).
NINP values at any particular temperature span around 1
order of magnitude below −15 ◦C and about 2 orders of
magnitude at warmer temperatures. This is consistent with
the previous studies from O’Sullivan et al. (2018) and Gong
et al. (2019a), who carried out field measurement in north-
western Europe and the eastern Mediterranean, respectively.
A few samples (CVAO 1596, CVAO 1641 and CVAO 1643)
showed elevated concentrations above 0.01 L−1 at −10 ◦C.
Biological particles usually contribute to INPs at this moder-
ate supercooling temperature (Kanji et al., 2017; O’Sullivan
et al., 2018).
Biological INPs contain specific ice-nucleating proteins.
These proteins are disrupted and denatured by heating, which
causes them to lose their ice-nucleating ability. However, the
inorganic ice-nucleating material, such as dust particles, is
insensitive to heat (Wilson et al., 2015; O’Sullivan et al.,
2018). Therefore, a commonly used heat treatment was de-
ployed to assess the contribution of biological INPs to the to-
tal INPs in this study. Samples CVAO 1596, CVAO 1641 and
CVAO 1643 were heated to 95 ◦C for 1 h, and the resulting
NINP data are shown in Fig. S6. A clear comparison of before
and after heating fice is shown in Fig. S7. A large reduction
of more than 1 order of magnitude in NINP at T >−15 ◦C
was observed in the samples after heating. The reductions in
NINP became smaller at colder temperature and were, for ex-
ample, less than 1 order of magnitude at T =−20 ◦C. This
shows that biological aerosol contributed a large fraction of
total INPs in PM10 at T >−20 ◦C.
The correlation of NINP at different temperatures within
one sample was calculated by comparing each NINP at each
temperature to that at each other temperature at which a mea-
surement had been made. That was done separately for each
of the samples. For temperature steps of 0.1 ◦C, NINP at ev-
ery temperature was correlated to that at every other temper-
ature in the measurement range. With increasing difference
in temperatures, the variation in NINP at two temperatures
become less correlated. As long as the examined tempera-
ture difference was less than 2 ◦C, NINP were correlated. But
when looking at this in a broader picture, in the temperature
region down to ∼−16.8 ◦C, NINP at all temperatures corre-
lated well with that at all other temperatures, with coefficient
of determination (R2)> 0.8 and p < 0.01. The same was
true for NINP in the temperatures region <−18.4 ◦C. In be-
tween these two temperature regimes (between >−16.8 ◦C
and <−18.4 ◦C), the correlation of NINP was clearly lower.
Therefore, it might be expected that INPs that are active
in these two temperature regimes originated from different
sources.
CVAO PM1 in comparison to CVAO PM10
NINP values in PM1 filters are also determined in this study
(as shown in Fig. 3b). An initial inspection of the data shows
that the bulk of the data ofNINP for CVAO PM1 is below that
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Figure 3. NINP as a function of temperature from CVAO PM10 fil-
ters (a) and CVAO PM1 filters (b). The field measurement of NINP
in PM10 by Welti et al. (2018) is shown by gray shading in panel (a).
Error bars show the 95 % confidence interval.
for CVAO PM10. Comparing NINP for PM1 and PM10, two
key features are evident:
1. Larger particles, i.e., supermicron ones, were more effi-
cient INPs, which is independent of temperature in the
examined range.
2. Smaller particles, i.e., submicron ones, exhibited an
equal spread of about 1 order of magnitude in NINP for
the whole temperature range (see Fig. 3b). The elevated
NINP values at warm temperatures, which are seen for
CVAO PM10, are not observed for CVAO PM1.
As for the first feature, we calculated the ratio of NINP in su-
permicron size range to NINP in PM10 during the same time
period and found that 83± 22 %, 67± 18 % and 77± 14 %
(median± standard deviation) of INPs had a diameter of >
Figure 4. Boxplot of number fraction of INPs in the size range
of > 1 µm as a function of temperature. The boxes represent the
interquartile range. Whiskers represent 10th and 90th percentiles.
The number of samples indicated at the top of the figure shows how
many different samples contributed at the different temperatures.
1 µm at ice activation temperatures of−12,−15 and−18 ◦C,
respectively. On average, over all temperatures, this INP
number fraction for supermicron particles is roughly 70 %
(shown for a higher temperature resolution in Fig. 4), and it
is almost independent of temperature. Mason et al. (2016)
and Creamean et al. (2018) also found that the majority of
INPs is in the supermicron size range. However, they see
even increasing fractions towards higher temperatures. For
the present study, as said above, only 3 of the examined 17
filters showed clearly elevated NINP at high temperatures, so
overall such an increase was not observed.
As for the second feature, looking at Fig. 3b, we found that
NINP spread about 1 order of magnitude at any temperature
from −12 to −20 ◦C. As outlined above, a few PM10 sam-
ples showed elevated concentrations at warm temperatures,
showing up as a “bump” in the freezing curves at higher
temperatures. This bump at warm temperatures was not ob-
served for the CVAO PM1 filters. NINP values of CVAO 932,
CVAO 942 and CVAO 944 (sampled at the same time as
CVAO 1596, CVAO 1641 and CVAO 1643) are all below
0.001 L−1 at −10 ◦C. As mentioned above, INPs active at
comparably high temperatures were found to be biological
in origin in this study, and the comparison between PM10
and PM1 samples shows that there are biological INPs in the
CVAO PM10 samples that are absent in the CVAO PM1 sam-
ples, i.e., that the detected biological INPs are supermicron in
size. This suggests that these biological INPs might originate
from long-range transport, as marine biological INPs were
usually reported to be submicron in size (Wilson et al., 2015;
Irish et al., 2017). The contribution of SSA to INPs will be
discussed further in Sect. 3.4.
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3.2.2 NINP at cloud level
In the companion paper (Gong et al., 2020), we discussed
PNSD and CCN number concentration (NCCN) at CVAO and
MV. We found that particles are mainly well mixed in the ma-
rine boundary layer, and we derived the periods with cloud
events, with a time resolution of ∼ 30 min, at MV. In the
present study, NINP values in PM10 at CVAO and MV are
compared. The fraction of time during which there was a
cloud event to the total sampling time (cloud time fraction)
for each filter is summarized in the Supplement (Table S4).
All of the filters were affected by cloud events with a cloud
time fraction from 4.17 % to 100 %, with two filters being
affected only a little (cloud time fraction < 10 %), i.e., MV
1602 and MV 1603. When comparing results from these two
filters to those from filters sampled at the same time at CVAO
(see Fig. 5a), we found that NINP values are quite similar
close to sea level (CVAO) and cloud level (MV). This is in
line with what was discussed in the companion paper (Gong
et al., 2020), i.e., the marine boundary is often well mixed at
Cabo Verde.
Figure 5b compares NINP values at CVAO and MV when
MV filters were mostly collected during cloud events with
cloud time fractions> 90 %. During the cloud events, the fil-
ters did not collect droplets larger than 10 µm because of the
inlet cutoff. It is obvious from Fig. 5 that for these cases,
NINP at MV is much lower than that at CVAO, implying that
particularly INPs that were ice active above ∼−17 ◦C were
activated to cloud droplets to a large degree. But note that
even when filters have a cloud time fraction of 100 % (MV
1615 and MV 1616), the respective filters still had clearly
more INPs on them than the field blind filters (see Supple-
ment, Fig. S9). This might indicate that either not all INPs
are activated to cloud droplets, or, on the other hand, that
some INPs were only recently activated to a cloud droplet,
and the droplet size was smaller than 10 µm. These observa-
tions are consistent with results by Siebert and Shaw (2017),
who observed broad cloud droplet size distributions in a size
range from∼ 5 to 25 µm in shallow cumulus clouds, with the
maximum of the distribution still being below 10 µm.
Concerning the supermicron particles of likely biological
origin that activated ice already at −10 ◦C and above, it is
observed that the related corresponding bump is not seen in
the corresponding data from MV (MV 1610, MV 1614 and
MV 1616 – to be seen in the Supplement, Fig. S10). This
indicates that these INPs were all activated to cloud droplets
during the cloud events, and we will come back to this below.
3.3 INPs in cloud water
3.3.1 Main characteristics and NINP in cloud water
Thirteen cloud water samples were collected during cloud
events in this study. Sampling durations varied from 2.5
to 13 h and volumes varied from 78 to 544 mL. The most
Figure 5. NINP as a function of temperature from CVAO PM10
filters and MV PM10 filters during (a) less (cloud time fraction
< 10 %) cloud effected periods and (b) highly (cloud time fraction
> 90 %) cloud effected periods.
abundant inorganic species were Na+ and Cl−, followed
by SO2−4 , NO
−
3 and Mg
2+. For example, the mass concen-
tration of Na+ and Cl− varied from 5.00 to 46.11 mg L−1
and 9.27 to 70.30 mg L−1, with a mean value of 17.31
and 28.86 mg L−1, respectively. Somewhat different values,
which are still roughly in the same range, were reported
by Gioda et al. (2009), who found in Puerto Rico the Na+
and Cl− concentration in the cloud water varied from 3.79
to 15.53 mg L−1 and 5.90 to 23.20 mg L−1, with a mean of
10.74 and 15.67 mg L−1, respectively. All of the abovemen-
tioned parameters are summarized in the Supplement (Ta-
ble S5).
Based on Eq. (1), the derived NINP as a function of tem-
perature is shown in Fig. 6. Error bars represent the 95 %
confidence interval. For completeness, fice for cloud water is
shown in the Supplement (Fig. S12 (measured by LINA) and
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Figure 6. NINP in cloud water as a function of temperature. Er-
ror bars show the 95 % confidence interval. Previous field measure-
ments of NINP in cloud water by Joly et al. (2014) are shown as a
red box for comparison.
Fig. S13 (measured by INDA)). NINP values at any partic-
ular temperature span less than 1 order of magnitude below
−15 ◦C, while they span 2 orders of magnitude at warmer
temperatures. We observed elevated NINP in the cloud wa-
ter at warm temperatures (above 1000 L−1 at −10 ◦C), par-
ticularly for the Cloud 19, Cloud 20 and Cloud 24 samples.
Joly et al. (2014) measured the total and biological (i.e., heat-
sensitive) INPs between −5 and −14 ◦C from the summit of
Puy de Dôme (1465 m a.s.l., France), as shown in the red box
in Fig. 6. Joly et al. (2014) observed very high concentrations
of both biological particles and NINP. Agreement of NINP in
cloud water all over the world was not expected, since the
sources of INPs are different in different locations.
When highly ice active particles were present for CVAO
PM10 filters (CVAO 1596, CVAO 1641 and CVAO 1643),
they were not observed for MV PM10 (MV 1610, MV1614
and MV 1616, which had cloud time fractions of 52, 87 and
100 %, respectively), but instead they were found in cloud
water samples (Cloud 19, Cloud 20 and Cloud 24). This is in
line with what was outlined in Sect. 3.2.2: these highly ice
active particles were activated to cloud droplets during cloud
events. Periods during which clouds were present at MV, to-
gether with the sampling periods of all cloud water samples
and selected CVAO PM10 filters (those that had higher NINP
at warm temperatures; CVAO 1596, CVAO 1641 and CVAO
1643) can be checked in the Supplement (Fig. S11).
3.3.2 Connecting INPs in the cloud water with these in
the air
In the following, NINP in the cloud water will be compared
to that in the air. To be able to do this, we used measured
values ofNCCN to calculate cloud droplet number concentra-
tions. These, together with an assumption on cloud droplet
size (ddrop), yield the volume of cloud water per volume of
air, given as Fcloud_air in Eq. (6):
Fcloud_air =NCCN ·π/6 · d3drop. (6)
For the calculation, we usedNCCN measured at CVAO at a
supersaturation of 0.30 % (Gong et al., 2020). NCCN was av-
eraged for the different periods when each cloud water sam-
ple was collected. The chosen supersaturation corresponds to
a critical diameter of roughly 80 nm, which is at the Hoppel
minimum of the respective particle number size distributions
(Gong et al., 2020), indicating that this is indeed the relevant
supersaturation occurring in the prevailing clouds. Based on
previous studies (Miles et al., 2000; Bréon et al., 2002; Igel
and Heever, 2017; Siebert and Shaw, 2017), we assumed that
ddrop varies between 7 and 20 µm, and we did separate esti-
mates for these two values and additionally for 15 µm. The
calculation based on this size range of cloud droplets should
cover all that can be expected to occur.
Following this approach, Fcloud_air varied from 4.2×10−7
to 1.1× 10−6, with a median of 8.5× 10−7 m3water m
−3
air . To
see how reliable these values are, we also examined the fol-
lowing: assuming all sodium chloride particles were acti-
vated to cloud droplets, Fcloud_air can be also estimated from
the ratio of sodium chloride mass concentration in air to
that in cloud water. This ratio varied from 1.1× 10−7 to
4.4× 10−7 m3water m
−3
air , which is at the lower end but still
comparable to Fcloud_air as we derived it above. Previous
studies used the liquid water content (LWC), which is a mea-
sure of the mass of the water in a cloud in a specified amount
of dry air. Typical ranges for LWC in thicker clouds are
between 0.2 and 0.8 g m−3 (Rangno and Hobbs, 2005; Pet-
ters and Wright, 2015), corresponding to Fcloud_air between
2× 10−7 and 8× 10−7 m3water m
−3
air , which again agreed well
with the above given values derived for this study.
With this Fcloud_air, NINP in the respective volume of air
can be compared toNINP in this volume of cloud water when
assuming that all INPs are CCN, which, based on the super-
micron size of most of the INPs alone, is likely. To do so,
NINP obtained for cloud water was multiplied by Fcloud_air
(for the three different assumptions on ddrop) to yieldNINP in
the air (NINP,air), given in Eq. (7):
NINP,air = Fcloud_air ·NINP,cloud. (7)
Figure 7 shows the measured NINP in the air as a function
of temperature with square symbols. Derived NINP,air from
cloud water (calculated with a ddrop of 15 µm) are shown
with triangle symbols. The samples with comparatively high
numbers of INPs active at warm temperatures are shown in
different colors. CVAO 1596, CVAO 1641 and CVAO 1643
are shown by green squares (the rest are shown with blue
squares) and derived NINP,air values from samples collected
for Cloud 19, Cloud 20 and Cloud 24 are shown by brown
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Figure 7. The measured atmospheric NINP values as a function of
ice-nucleation temperature are shown as squares. The derived NINP
in the air (NINP,air) based on INP concentrations measured for cloud
water are shown as triangles. The samples with highly ice active
INPs at warm temperatures are shown in a different color than the
others: CVAO 1596, CVAO 1641 and CVAO 1643 are shown as
green squares and derived NINP,air based on Cloud 19, Cloud 20
and Cloud 24 are shown as brown triangles. The uncertainty range
indicated for the derived NINP,air originates from calculations with
7 and 20 µm cloud droplet size.
triangles (the rest shown by red triangles). The range of val-
ues indicated for NINP,air was obtained by using 7 and 20 µm
cloud droplet size, with 7 µm droplets yielding the lower
boundary and 20 µm the upper one.
There is general agreement between measured and derived
NINP in air but with some variation where the values derived
from cloud water samples are somewhat lower. This might be
connected to a less-than-optimal sampling efficiency of the
cloud water sampler, which has a 50 % collection efficiency
at 3.5 µm. Also the spread in the derived values, originating
from the different assumed ddrop, is rather large. Neverthe-
less, it is striking that at least within an order of magnitude,
based on our comparably simple assumptions, an agreement
between concentrations of INPs in the air and in cloud water
is found.
3.4 INPs originating from sea spray
In the following section, it will briefly be discussed whether
SSA contributed noticeably to INPs in the air. Assuming sea
salt and INPs to be similarly distributed in both seawater and
air (i.e., assuming that INPs would not be enriched during the
production of sea spray), NINP in the air originating from sea






·N seawaterINP , (8)
Figure 8. AtmosphericNINP values are shown as a function of tem-
perature from PM10 filters (black triangles), together with error bars
showing the 95 % confidence interval. NINP values as a function of
temperature from McCluskey et al. (2018a, b) are shown by red
and light blue dots, respectively. Error bars show the 95 % confi-
dence interval. NINP values in the air originating from sea spray
(N sea spray, airINP ) from this study are shown by blue (derived from
SML) and green lines (derived from ULW). N sea spray, airINP values
from Irish et al. (2019b) are shown by purple (derived from SML)
and brown (derived from ULW) boxes.
where NaClmass,air and NaClmass,seawater are sodium chlo-
ride mass concentrations in air and seawater, respectively.
N seawaterINP is the INP number concentration in the seawater
(this calculation can be done similarly for both SML and
ULW).
NaClmass,air and NaClmass,seawater data can be found in
the Supplement (Tables S1 and S2). NaClmass,seawater was
very stable, with a median value of ∼ 31 g L−1. NaClmass,air
showed large variability from 3.40 to 17.76 µg m−3, with
a median of 13.08 µg m−3. Based on Eq. (8), the resulting
N
sea spray, air
INP values are shown in blue (derived from SML)
and green (derived from ULW) in Fig. 8. Irish et al. (2019b)
used the same method to get N sea spray, airINP in the Arctic (with-
out considering enrichment of INPs in sea salt particles dur-
ing sea spray generation), as shown by purple (derived from
SML) and brown (derived from ULW) boxes in Fig. 8. As
discussed in Sect. 3.1,NINP values from ULW at Cabo Verde
are comparable to the Arctic, and the NaCl ratios were close
to 10−10 in both studies; therefore, N sea spray, airINP values (de-
rived from ULW) are also comparable. A high enrichment
of NINP in SML to ULW was observed in the Arctic (Irish
et al., 2019b). Therefore,N sea spray, airINP (derived from SML) in
the Arctic was also higher than in this study.
Figure 8 includesNINP from PM10 in this study (shown by
black triangles). These values are roughly 4 orders of magni-
tude above our N sea spray, airINP . But Fig. 8 also shows airborne
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NINP as derived for the Southern Ocean (McCluskey et al.,
2018a) and the northeast Atlantic (only clean sector; Mc-
Cluskey et al., 2018b), which are all above our N sea spray, airINP .
As mentioned above, we did not consider a possible enrich-
ment of INPs in SSA compared to the SML or ULW sam-
ples. Previous studies found an enrichment of organic carbon
in submicron sea spray particles of about 104 to 105 (Keene
et al., 2007; van Pinxteren et al., 2017), and this value de-
creased to 102 for supermicron particles (Keene et al., 2007;
Quinn et al., 2015). It is not clear if INPs are included in
the organic carbon for which the enrichment was observed.
Also, the INPs we detected in this study were mostly in
the supermicron size range. If we increased N sea spray, airINP by
about 2 orders of magnitude in agreement with the enrich-
ment observed for supermicron organic carbon, the result-
ingN sea spray, airINP becomes comparable to sea spray INPs mea-
sured in the Southern Ocean (McCluskey et al., 2018a) and
the northeast Atlantic (McCluskey et al., 2018b). But even
when considering such an enrichment of INPs, INPs origi-
nating from sea spray would only explain a small fraction of
all INPs contributing to the measured airborne NINP in the
air at Cabo Verde.
4 Discussion
NINP values close to sea level and cloud level were compared.
One major point of interest is to know whether ground-based
measurements can be used to infer aerosol properties at the
cloud level. In this study, we found thatNINP values are quite
similar close to sea level (CVAO) and cloud level (MV) dur-
ing noncloud events. But it should still be noted that we only
have a small number of filter samples representing noncloud
events in this study. During the observed cloud events, most
INPs at MV are activated to cloud droplets. The above find-
ings are in line with what was discussed in the companion
paper (Gong et al., 2020): (1) the marine boundary layer is
often well mixed at Cabo Verde and PNSDs and NCCN are
similar both near sea level and at the cloud level; (2) during
cloud events, larger particles are activated to cloud droplets.
Most INPs are in the supermicron size range at Cabo
Verde. We found that about 70 % of INPs had a diameter
of > 1 µm at ice activation temperatures between −10 and
−20 ◦C. Mason et al. (2016) and Creamean et al. (2018) also
found that the majority of INPs is in the supermicron size
range in the Arctic, in agreement with the results we obtained
here.
Above we derived that NINP contributed from SSA only
accounted for a minor fraction of total NINP in the air, as
well as in the cloud water at Cabo Verde. This still holds even
when considering a possible enrichment of INPs in SSA up
to 102, which is an enrichment as given in literature for su-
permicron organic particles (Keene et al., 2007; Quinn et al.,
2015). On the other hand, mineral dust is associated with
a factor of 1000 higher ice surface site density (a measure
to describe the ice activity per particle surface area), com-
pared to SSA (Niemand et al., 2012; DeMott et al., 2016;
McCluskey et al., 2018a). In our study, the supermicron par-
ticles that make up a large fraction of the INPs we observed
were mainly mineral dust, as described in the accompanying
study (Gong et al., 2020). The comparably high ice activity
of supermicron mineral dust and the presence of mainly dust
particles in the supermicron size range in our study again
support that indeed most INPs observed in this study were
not from sea spray. This is in line with results from Si et al.
(2018) and Irish et al. (2019a), both done in the Arctic, where
it was also concluded that SSA only contributed a little to the
INP population. The commonality of these two studies from
the Arctic and the present study is that land was still close
enough, so that terrestrial sources can have contributed to the
observed INPs.
While the above arguments suggest that INPs in our study
were mostly mineral dust particles, there were also some
measurements with comparably high INP concentrations at
temperatures of −10 ◦C and above. Although it can not be
ruled out that desert dust particles might be ice active at such
high temperatures, by examining the reaction of some highly
ice active samples to heating, described in Sect. 3.2.1, we
found that the most highly ice active INPs on these samples
were biological particles. It is an open question as to where
these biological INPs originated. The times during which
these highly ice active INPs were observed were times when
air masses came from southern Europe, traveling along the
African coast and meanwhile crossing over the region of the
Canary Islands. Therefore, for these specific samples, a con-
tribution of INPs from these land sources might be assumed.
In the following, we will compare ns derived from our data
with that from literature. In Fig. 9, we show the surface site
density derived for NINP from CVAO PM10 filters (as shown
by black boxes) following Niemand et al. (2012) (details on
the surface area are given in the Supplement, Fig. S14), to-
gether with parameterizations for ns given by Niemand et al.
(2012), Ullrich et al. (2017) and McCluskey et al. (2018b),
and the measured ns given by DeMott et al. (2016) and Price
et al. (2018). Niemand et al. (2012) derived ns from a labora-
tory study, based on aerosol consisting purely of desert dust
particles. It is therefore reasonable that these mineral dust-
related ns values are the largest values shown in Fig. 9, as
they are purely related to the mineral dust surface area of an
aerosol. All other values shown in Fig. 9 were derived for at-
mospheric measurements, and the surface area used to derive
ns was always based on measured particle number concentra-
tions. Price et al. (2018) carried out airborne measurements
in dust-laden air over the tropical Atlantic. Parameterizations
from McCluskey et al. (2018b) were done for pristine SSA
over the northeast Atlantic, and both laboratory and atmo-
spheric measurements of SSA were the base for the ns pa-
rameterization given in DeMott et al. (2016). These avail-
able ns parameterizations from previous literature may not
be representative of Cabo Verde, but we will still compare
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Figure 9. Cumulative ns as a function of temperature in this study is
shown by black boxes. The boxes represent the interquartile range.
Whiskers represent 10th and 90th percentiles. Data not included be-
tween the whiskers are plotted as an outlier with a star. Two ns pa-
rameterizations (Niemand et al., 2012; Ullrich et al., 2017) for pure
desert dust are shown in dashed and solid red lines, respectively. ns
parameterizations from McCluskey et al. (2018b) for pristine SSA
over the northeast Atlantic are shown as a solid blue line. We also
make comparisons to recent data from airborne measurements in a
dust layer by Price et al. (2018) in brown shading and from nascent
laboratory-generated and ambient SSA by DeMott et al. (2016) in
yellow shading, respectively. ns during the cleanest marine (CVAO
1585) and dustiest (CVAO 1591) periods are shown as blue and
black crosses, respectively.
them here. ns values derived for our study coincide with the
upper range of parameterizations that are otherwise reported
for SSA but are clearly lower than values reported for at-
mospheric desert dust aerosol. This is striking since, as dis-
cussed above, INPs observed in this study most likely do not
originate from sea spray but are dominated by supermicron
dust and/or biological particles.
CVAO is a place where marine and dust particles strongly
intersect, and both particle types contribute to the surface
area. In the companion paper, we have classified the aerosol
at CVAO into four different types. Here, in addition to look-
ing at average values as presented above, we selected the
cleanest marine (CVAO 1585) and dustiest (CVAO 1591)
samples for a separate calculation of ns, and we added the
results to Fig. 9. The ns is clearly higher for the sample col-
lected during the dusty period than during the marine pe-
riod at higher temperatures (roughly >−16 ◦C). However,
at temperatures below −18 ◦C it is the other way around. In
general, results for these vastly different cases are both still
close to the upper limit of the parameterizations reported for
SSA.
These comparisons to literature raise the questions of if
and how ns should be used to parameterize atmospheric INP
measurements, which, however, is a question far too promi-
nent to be answered in this study. In general, it is still an open
issue as to what extent NINP can be parameterized, based on
one or a few parameters, to reliably describe NINP for dif-
ferent locations around the globe. It might prove necessary
to develop separate parameterizations for different locations
or air masses, as it was already started for parameterizations
based on particle number concentrations (see DeMott et al.,
2010, 2015; Tobo et al., 2013).
5 Summary and conclusions
The MarParCloud campaign took place in September and
October 2018 on the islands of Cabo Verde to investigate
aerosols prevailing in the Atlantic Ocean. In addition to a
thorough analysis of the atmospheric aerosol particles and
CCN in a companion paper (Gong et al., 2020), samples col-
lected for INP analysis in this study include the following:
sea surface microlayer (SML) and underlying water (ULW)
from the ocean upwind of the island; quartz fiber filter sam-
ples of atmospheric aerosol, collected on a tower installed
at the island shore and on a 744 m high mountaintop; and
cloud water collected during cloud events on the mountain-
top. NINP values were measured offline with two types of
freezing devices, yielding results in the temperature range
from roughly −5 to −25 ◦C.
Both enrichment and depletion of NINP in SML to ULW
were observed. The enrichment factors (EF) varied from 0.36
to 11.40 and from 0.36 to 7.11 at −15 and −20 ◦C, respec-
tively, and they were generally independent of the freezing
temperature at which NINP was determined in the freezing
devices.
A few CVAO PM10 filter samples (CVAO 1596, CVAO
1641 and CVAO 1643) showed elevated NINP at high tem-
peratures, e.g., above 0.01 L−1 at −10 ◦C. These elevated
values disappeared after heating the samples at 95 ◦C for 1 h.
Therefore, biological particles appear to contribute to INPs at
these moderate supercooling temperatures. About 83±22 %,
67± 18 % and 77± 14 % (median± standard deviation) of
INPs had a diameter > 1 µm at ice activation temperatures
of −12, −15 and −18 ◦C, respectively; over the whole ex-
amined temperature range, on average roughly 70 % of all
INPs were supermicron, independent of the temperature. The
highly ice active INPs were not found on the CVAO PM1 fil-
ters, which suggests that most of these likely biological INPs
are in the supermicron size range.
As MV was in clouds most of the time, only two filters
could be collected on MV that were affected by cloud for
less than 10 % of the sampling time. For these, NINP values
were similar at CVAO and MV. During cloud events, most
INPs at MV were activated into cloud droplets. These find-
ings aligned very well with the companion paper, i.e., during
www.atmos-chem-phys.net/20/1451/2020/ Atmos. Chem. Phys., 20, 1451–1468, 2020
1464 X. Gong et al.: Aerosol particles at Cabo Verde at sea level and at the cloud level – Part 2
noncloud events, PNSDs and NCCN are similar at CVAO and
MV, while during cloud events larger particles at MV are ac-
tivated to clouds (see Fig. 8 in the companion paper, Gong
et al., 2020). When highly ice active particles were present
on CVAO PM10 filters, they were not observed on MV PM10
filters, but they were instead observed in the respective cloud
water samples. This shows that these INPs are activated into
cloud droplets during cloud events.
By comparing NINP values derived for the different exam-
ined samples, it was found that values in air and in cloud wa-
ter agreed well. We also compared atmosphericNINP to those
in SML and ULW, based on the ratio of sodium chloride con-
centrations measured for the atmosphere and for SML and
ULW. From that we concluded that marine INPs from sea
spray can only explain a small fraction of all atmospheric
INPs at Cabo Verde, unless there would be an enrichment
of INPs from SML to the atmosphere by at least a factor of
104. Such an enrichment, however, is higher than anything
observed for organic compounds in supermicron particles so
far. Summarizing, it can be assumed that most atmospheric
INPs detected in the present study were mainly contributed
by the dust particles at cold temperatures and possibly with
a few contributions from biological particles at warmer tem-
peratures.
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S1 Seawater samples
Table S1. The information of seawater samples at ocean station, including sample number, start time, end time, location, salinity, sodium
chloride (NaCl) mass concentration, PH value and water temperature.
Sample Number Start Time End Time Location Salinity NaCl PH value Temperature
yyyy/mm/dd hh:mm:ss yyyy/mm/dd hh:mm:ss [g L−1] [g L−1] [◦C]
SML01 2017/09/18 12:35:00 2017/09/18 13:00:00 - - - - -
ULW01 2017/09/18 12:35:00 2017/09/18 13:00:00 - 34.1 29.23 8.14 25.0
SML02 2017/09/20 09:32:00 2017/09/20 10:54:00 16◦53′20 N, 24◦54′22 W 36.2 31.03 8.11 26.7
ULW02 2017/09/20 09:32:00 2017/09/20 10:54:00 16◦53′20 N, 24◦54′22 W 36.3 31.11 8.12 26.7
SML03 2017/09/25 10:45:00 2017/09/25 11:48:00 16◦53′46 N, 24◦54′19 W 36.4 31.20 8.14 25.5
ULW03 2017/09/25 10:45:00 2017/09/25 11:48:00 16◦53′46 N, 24◦54′19 W 36.4 31.20 8.15 26.0
SML04 2017/09/26 11:05:00 2017/09/26 11:51:00 16◦53′50 N, 24◦54′27 W 36.1 30.94 8.12 26.4
ULW04 2017/09/26 11:05:00 2017/09/26 11:51:00 16◦53′50 N, 24◦54′27 W 36.3 31.11 8.15 25.1
SML05 2017/09/27 09:50:00 2017/09/27 11:00:00 16◦53′38 N, 24◦54′16 W 36.3 31.11 8.15 23.7
ULW05 2017/09/27 09:50:00 2017/09/27 11:00:00 16◦53′38 N, 24◦54′16 W 36.4 31.20 8.14 24.0
SML09 2017/10/04 09:15:00 2017/10/04 10:00:00 - - - - -
ULW09 2017/10/04 09:15:00 2017/10/04 10:00:00 - 36.2 31.03 8.23 23.7
SML12 2017/10/07 10:22:00 2017/10/07 11:35:00 16◦53′25 N, 24◦54′18 W 36.7 31.46 8.22 21.2
ULW12 2017/10/07 10:22:00 2017/10/07 11:35:00 16◦53′25 N, 24◦54′18 W 36.4 31.20 8.22 21.8
SML13 2017/10/09 09:30:00 2017/10/09 10:17:00 16◦53′42 N, 24◦54′08 W 36.6 31.37 8.19 21.5
ULW13 2017/10/09 09:30:00 2017/10/09 10:17:00 16◦53′42 N, 24◦54′08 W 36.4 31.20 8.13 23.6
SML14 2017/10/10 09:30:00 2017/10/10 10:30:00 16◦53′43 N, 24◦54′13 W 36.4 31.20 8.19 21.7
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Figure S1. Frozen fraction (fice) measured by LINA (Leipzig Ice Nucleation Array) as a function of temperature in sea surface microlayer
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Figure S2. fice measured by INDA (Ice Nucleation Droplet Array) as a function of temperature in SML and ULW. All temperatures have




































INP number concentration (NINP) from the field blanks was then subtracted from that of the filter samples, and the result was
converted to background corrected atmospheric INP number concentrations, as the below equation shows:
NINP = (−ln(1− fice,s)+ ln(1− fice,b))/V (S1)5
The corrected atmospheric INP number concentration is NINP, the frozen fractions measured for the filter samples and the
field blanks are fice,s and fice,b, respectively, and V is the volume of air sampled in each well.
S2.2 CVAO PM10
Table S2. The information of PM10 filter samples at Cape Verde Atmospheric Observatory (CVAO), including sample number, start time,
end time, duration, total sampling volume, sampling volume per well, sodium (Na+) and chloride (Cl−) mass concentration, total particle
surface area concentration (Atotal) and sample type.
Sample Number Start Time End Time Duration Total Volume Volume Per Well Na+ Cl− Atotal Type
yyyy/mm/dd hh:mm:ss yyyy/mm/dd hh:mm:ss [minute] [std m3] [std L] µg m−3 µg m−3 µm2 cm−3
CVAO1583 2017/09/19 21:00:00 2017/09/20 21:00:00 1439.34 660.289 33.6882 4.40 6.19 370 PM10
CVAO1585 2017/09/22 16:00:00 2017/09/23 16:00:00 1439.34 660.289 33.6882 3.09 4.97 89 PM10
CVAO1586 2017/09/23 16:00:00 2017/09/24 16:00:00 1439.34 660.289 33.6882 2.36 3.36 78 PM10
CVAO1587 2017/09/24 16:00:00 2017/09/25 16:00:00 1439.34 660.289 33.6882 2.83 3.54 158 PM10
CVAO1588 2017/09/25 16:00:00 2017/09/26 16:00:00 1438.90 660.792 33.7139 3.32 4.98 277 PM10
CVAO1589 2017/09/26 16:00:00 2017/09/27 16:00:00 1439.61 661.462 33.7481 1.41 1.99 159 PM10
CVAO1590 2017/09/27 16:00:00 2017/09/28 16:00:00 1439.71 661.644 33.7573 1.77 2.70 198 PM10
CVAO1591 2017/09/28 16:00:00 2017/09/29 16:00:00 1439.73 661.420 33.7459 5.04 8.41 325 PM10
CVAO1592 2017/09/29 16:00:00 2017/09/30 16:00:00 1439.73 660.289 33.6882 6.49 11.26 297 PM10
CVAO1593 2017/09/30 16:00:00 2017/10/01 16:00:00 1439.73 660.821 33.7153 5.32 8.99 238 PM10
CVAO1594 2017/09/29 16:00:00 2017/09/30 16:00:00 Blind filter
CVAO1595 2017/10/01 16:00:00 2017/10/02 16:00:00 1439.36 659.330 33.6393 4.52 6.67 172 PM10
CVAO1596 2017/10/02 16:00:00 2017/10/03 16:00:00 1439.71 660.629 33.7056 3.71 6.49 171 PM10
CVAO1597 2017/10/03 16:00:00 2017/10/04 16:00:00 1439.71 660.629 33.7056 - - 169 PM10
CVAO1598 2017/10/05 16:00:00 2017/10/06 16:00:00 1439.55 659.264 33.6359 2.58 3.33 162 PM10
CVAO1641 2017/10/06 16:00:00 2017/10/07 16:00:00 1439.73 658.670 33.6056 4.67 6.91 244 PM10
CVAO1642 2017/10/07 16:00:00 2017/10/08 16:00:00 1439.71 661.187 33.7341 5.46 8.54 271 PM10
CVAO1643 2017/10/08 16:00:00 2017/10/09 16:00:00 1439.71 659.785 33.6625 5.22 7.98 230 PM10










-25 -20 -15 -10 -5 0
Temperature [ºC]
 CVAO 1583  CVAO 1585
 CVAO 1586  CVAO 1587
 CVAO 1588  CVAO 1589
 CVAO 1590  CVAO 1591
 CVAO 1592  CVAO 1593
 CVAO 1595  CVAO 1596
 CVAO 1597  CVAO 1598
 CVAO 1641  CVAO 1642
 CVAO 1643  Blind filters
Figure S4. fice measured by INDA (without background subtraction) as a function of temperature in CVAO PM10 filters. fice of blind filters
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Figure S5. NINP as a function of temperature from CVAO PM10 filters. Background correction of NINP is included for these filter samples.
The field measurement of NINP in PM10 by Welti et al. (2018) is shown by gray shadow. Error bars show the 95% confidence interval. Black
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Figure S6. Comparison ofNINP as a function of temperature from CVAO 1596, CVAO 1641 and CVAO 1643 before and after heating (CVAO
PM10 filters). The field measurement of NINP in PM10 by Welti et al. (2018) is shown by gray shadow. Error bars show the 95% confidence
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Figure S7. Comparison of fice measured by INDA (without background subtraction) as a function of temperature from CVAO 1596, CVAO
1641 and CVAO 1643 before and after heating (CVAO PM10 filters).
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S2.3 CVAO PM1
Table S3. The information of PM1 filter samples at CVAO, including sample number, start time, end time, duration, total sampling volume,
sampling volume per well and sample type.
Sample Number Start Time End Time Duration Total Volume Volume Per Well Type
yyyy/mm/dd hh:mm:ss yyyy/mm/dd hh:mm:ss [minute] [std m3] [std L]
CVAO924 2017/09/19 21:00:00 2017/09/20 21:00:00 1439.36 661.200 33.7347 PM1
CVAO925 2017/09/21 21:00:00 2017/09/22 21:00:00 1439.36 661.200 33.7347 PM1
CVAO926 2017/09/22 16:00:00 2017/09/23 16:00:00 1439.36 661.200 33.7347 PM1
CVAO927 2017/09/23 16:00:00 2017/09/24 16:00:00 1439.36 661.200 33.7347 PM1
CVAO928 2017/09/24 16:00:00 2017/09/25 16:00:00 1439.36 661.200 33.7347 PM1
CVAO929 2017/09/25 16:00:00 2017/09/26 16:00:00 1439.21 664.115 33.8834 PM1
CVAO930 2017/09/26 16:00:00 2017/09/27 16:00:00 1439.36 661.200 33.7347 PM1
CVAO931 2017/09/27 16:00:00 2017/09/28 16:00:00 1439.36 661.200 33.7347 PM1
CVAO932 2017/09/28 16:00:00 2017/09/29 16:00:00 1439.36 661.200 33.7347 PM1
CVAO933 2017/09/29 16:00:00 2017/09/30 16:00:00 1439.36 661.200 33.7347 PM1
CVAO934 2017/09/30 16:00:00 2017/10/01 16:00:00 1439.36 661.200 33.7347 PM1
CVAO935 2017/09/29 16:00:00 2017/09/30 16:00:00 Blind filter
CVAO936 2017/10/01 16:00:00 2017/10/02 16:00:00 1438.53 659.798 33.6632 PM1
CVAO937 2017/10/02 16:00:00 2017/10/03 16:00:00 1439.55 660.255 33.6865 PM1
CVAO938 2017/10/03 16:00:00 2017/10/04 16:00:00 1439.36 661.200 33.7347 PM1
CVAO939 2017/10/04 16:00:00 2017/10/05 16:00:00 1439.36 661.200 33.7347 PM1
CVAO940 2017/10/05 16:00:00 2017/10/06 16:00:00 1439.18 661.071 33.7281 PM1
CVAO941 2017/10/06 16:00:00 2017/10/07 16:00:00 1439.58 662.336 33.7927 PM1
CVAO942 2017/10/07 16:00:00 2017/10/08 16:00:00 1439.58 662.122 33.7817 PM1
































Figure S8. fice measured by INDA (without background subtraction) as a function of temperature in CVAO PM1 filters. fice of blind filters
are shown by black dots.
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S2.4 MV PM10
Table S4. The information of PM10 filter samples at MV, including sample number, start time, end time, duration, total sampling volume,
sampling volume per well, cloud time (percent of the time MV was in cloud during the filter was sampled) and sample type.
Sample Number Start Time End Time Duration Total Volume Volume Per Well Cloud time Type
yyyy/mm/dd hh:mm:ss yyyy/mm/dd hh:mm:ss [minute] [std m3] [std L] [%]
MV1600 2017/09/21 16:39:00 2017/09/22 16:23:00 1382.86 601.870 30.7077 67.44% PM10
MV1601 2017/09/22 16:23:00 2017/09/23 15:59:00 1418.31 615.998 31.4285 17.39% PM10
MV1602 2017/09/23 15:59:00 2017/09/24 16:01:00 1440.60 625.035 31.8896 6.12% PM10
MV1603 2017/09/24 16:01:00 2017/09/25 16:11:00 1449.61 629.660 32.1255 4.17% PM10
MV1604 2017/09/25 16:13:00 2017/09/26 16:19:00 1444.90 627.655 32.0232 61.70% PM10
MV1605 2017/09/26 16:20:00 2017/09/27 16:23:00 1440.58 627.381 32.0092 65.96% PM10
MV1606 2017/09/27 16:23:00 2017/09/28 16:59:00 1464.99 637.541 32.5276 79.59% PM10
MV1607 2017/09/28 17:01:00 2017/09/29 16:28:00 1406.21 611.922 31.2205 97.83% PM10
MV1608 2017/09/29 16:30:00 2017/09/30 16:28:00 1676.36 760.265 38.7890 93.75% PM10
MV1609 2017/10/01 19:02:00 2017/10/02 17:09:00 1326.63 576.405 29.4084 47.73% PM10
MV1610 2017/10/02 17:09:00 2017/10/03 17:09:00 1439.36 624.715 31.8732 52.08% PM10
MV1611 2017/10/03 17:10:00 2017/10/04 16:27:00 1396.11 606.390 30.9383 50.00% PM10
MV1612 2017/10/04 16:27:00 2017/10/05 16:00:00 1408.61 613.421 31.2970 69.05% PM10
MV1613 2017/10/05 16:00:00 2017/10/06 16:01:00 1441.46 627.486 32.0146 79.59% PM10
MV1614 2017/10/06 16:03:00 2017/10/07 16:02:00 1439.46 625.832 31.9302 87.23% PM10
MV1615 2017/10/07 16:02:00 2017/10/08 18:12:00 1439.36 627.485 32.0145 100.00% PM10






























Figure S9. fice measured by INDA (without background subtraction) as a function of temperature in MV PM10 filters. fice of blind filters are
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Table S5. The information of cloud water samples, including sample number, start time, end time, duration, volume, sodium (Na+) and
chloride (Cl−) mass concentration and NCCN,0.30%.
Sample Number Start Time End Time Duration (h) Volume Na+ Cl− NCCN,0.30%
yyyy/mm/dd hh:mm:ss yyyy/mm/dd hh:mm:ss [h] [mL] mg L−1 mg L−1 cm−3
Cloud01 2017/09/20 14:25:00 2017/09/20 19:20:00 4.92 185 8.44 15.51 551
Cloud03 2017/09/26 20:00:00 2017/09/27 09:00:00 13.00 435 8.32 14.15 387
Cloud04 2017/09/27 20:00:00 2017/09/28 08:30:00 12.50 544 5.00 9.27 239
Cloud05 2017/09/28 20:00:00 2017/09/29 08:30:00 12.50 537 14.18 24.57 560
Cloud11 2017/10/04 20:00:00 2017/10/05 08:30:00 12.50 150 46.11 70.30 481
Cloud12 2017/10/05 08:45:00 2017/10/05 18:38:00 9.88 78 22.75 36.99 494
Cloud13 2017/10/05 18:40:00 2017/10/05 21:10:00 2.50 133 16.97 25.23 442
Cloud14 2017/10/05 21:10:00 2017/10/06 00:30:00 3.33 131 17.31 24.36 473
Cloud15 2017/10/06 00:30:00 2017/10/06 05:00:00 4.50 120 21.85 31.95 491
Cloud16 2017/10/06 05:05:00 2017/10/06 09:00:00 3.92 120 16.87 19.77 445
Cloud19 2017/10/06 20:00:00 2017/10/07 08:30:00 12.50 537 18.34 29.10 482
Cloud20 2017/10/07 08:48:00 2017/10/07 12:48:00 4.00 88 28.19 41.54 510
Cloud24 2017/10/08 20:00:00 2017/10/09 08:00:00 12.00 537 24.54 32.46 625
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Figure S12. fice measured by LINA as a function of temperature in cloud water.
S4 Particle surface area size distribution
A thorough aerosol characterization has been done during the measurement campaign, and is described in detail in Gong et al.
(2019). Fig. S14 shows the median particle surface area size distribution (PASD) for the whole campaign. Error bars show the
75th and 25th percentiles. Two different modes were observed, i.e., a small mode (30-500 nm) and a larger mode (500 nm-10
µm). The larger mode particle surface area is about 3 times higher than the small mode. Based on the PASD, the concentrations5
for the total surface area of the particles were calculated. The total particle surface area concentration (Atotal) varied from 35 to
824 µm2 cm−3, with a median of 116 µm2 cm−3. The averaged Atotal during each CVAO PM10 sampling period varied from
78 to 370 µm2 cm−3 (summarized in Tab. S2). Based on airborne measurements in the Saharan dust layer, Price et al. (2018)
found Atotal mainly above 100 with a maximum of 688 µm2 cm−3, which is higher than values found for this study, likely due
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Figure S14. The median PASD during the whole campaign. The error bar indicates the range between the 75th and 25th percentiles.
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4Summary and Conclusions
In the present thesis, we dealt with the aerosol particles, their properties (size
distribution, hygroscopicity), sources and contributions to CCN and INPs over tropical
and subtropical regions in the northern hemisphere. Two field campaigns were
carried out in two representative locations, i.e., anthropogenic polluted environment
at Cyprus (A-LIFE project) and marine-dust intersect environment at Cabo Verde
(MarParCloud project). On-line aerosol physical measurements were performed
and samples from different environmental compartments: the oceanic sea surface
microlayer (SML), underlying water (ULW), cloud water and atmospheric filters
close to both sea and cloud levels were collected for INP measurement with off-line
freezing devices in our lab. Data were analyzed, interpreted and published on Gong
et al. [53], Gong et al. [54] and Gong et al. [55].
A-LIFE project The A-LIFE campaign took place in April 2017 on the island of
Cyprus to investigate the aerosols prevailing in the eastern Mediterranean region.
As part of the A-LIFE campaign, ground-based measurements were carried out
in Paphos, Cyprus, to characterize the abundance, properties (size distribution,
hygroscopicity, ice activity), and sources of aerosol particles in general, CCN and INP
in particular.
During this campaign, new particle formation events with subsequent growth of the
particles into the CCN size range were observed. Aitken mode particles contained
high fraction of organic material (hygroscopicity parameter κ values of 0.21 to 0.29).
Accumulation mode particles contained sulfate and maybe sea salt mixed with
organic (κ value of 0.57). Super-micron particles originated mainly from sea-spray
aerosol and partly from mineral dust.
INP number concentrations were measured in the temperature range from −6.5 to
−26.5 ◦C. INP number concentration at any particular temperature span around
1 order of magnitude below −20 ◦C and about 2 orders of magnitude at warmer
temperatures (T>−18 ◦C). Few samples showed elevated concentrations at temper-
atures >−15 ◦C, which suggests a significant contribution of biological particles to
the INP population. Both measured temperature spectra and INP number concen-
tration probability density functions indicate that the observed INP (ice active in
the temperature range between −15 and −20 ◦C) might originate from long-range
transport.
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There was no correlation between INP number concentration and particle number
concentration in the size range > 500 nm. Parameterizations based on particle
number concentration in the size range > 500 nm were found to overestimate
INP number concentration by about 1 to 2 orders of magnitude. There was also
no correlation between INP number concentration and particle surface area con-
centration. The ice active surface site density (ns, a measure to describe the ice
activity per particle surface area) for the polluted aerosol encountered in the eastern
Mediterranean in this study is about 1 to 3 orders of magnitude lower than the ns
found for dust aerosol particles in previous studies. Anthropogenic polluted aerosol
particles contributed to a high concentration of N>500 nm and surface area, but
they are relatively inefficient INPs compared to dust particles. Therefore, the derived
INP number concentration probability density function in this study could be a better
choice for modeling INP number concentration if the aerosol particle composition is
unknown or uncertain.
MarParCloud project The MarParCloud (Marine biological production, organic
aerosol particles and marine clouds: a process chain) campaign took place in
September and October 2017 on the Cabo Verde islands to investigate the mixed
marine-dust type aerosols prevailing in this region of the Atlantic Ocean. A thorough
characterization of the abundance, properties, and sources of aerosol particles, CCN
and INPs was done at the Cape Verde Atmospheric Observatory (CVAO, sea level
height) and on the top of Monte Verde (MV, cloud level height), respectively.
During times without clouds, we found that aerosol properties (particle number
concentration, particle number size distribution as well as, CCN and INP number
concentrations) to be similar at CVAO and MV and the boundary layer generally to
be well mixed. Therefore, data obtained at CVAO are representative for the aerosol
properties at cloud level. Cloud events were observed at MV during roughly 58%
of the time and during these, a large fraction of particles were activated to cloud
droplets.
A trimodal parameterization method was deployed to characterize particle number
concentration at CVAO. Based on number concentrations in different aerosol modes,
four well separable types of PNSDs were found, which were named the marine
type, mixture type, dust type1 and dust type2. Aerosol particles differ depending on
their origins. When the air masses came from the Atlantic Ocean, sea spray can be
assumed to be one source for particles, besides for NPF. For these air masses, PNSDs
featured the lowest number concentration in Aitken, accumulation and coarse mode.
Particle number concentrations for the sea spray aerosol (i.e., the coarse mode for
these air masses) accounted for a limited portion of CCN number concentration at
supersaturation of 0.30% (about 3.7%) and total particle number concentration
(about 1.1% to 4.4%). When the air masses came from the Sahara, we observed
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enhanced Aitken, accumulation and coarse mode particle number concentrations
and overall increased CCN number concentration. CCN number concentration at
supersaturation of 0.30% (proxy for the supersaturation encountered in clouds)
during the strongest observed dust periods is about 2.5 times higher than that during
marine periods. However, the CCN-derived hygroscopicity for marine and dust
periods shows no significant difference and is generally similar, independent of air
mass.
For INPs in collected seawater samples, both enrichment and depletion of INP
number concentration in SML compared to ULW were observed. The enrichment
factor varied from roughly 0.4 to 11, and there was no clear trend in EF with ice
nucleation temperature.
INP number concentration in the atmospheric PM10 samples at CVAO spanned
around 1 order of magnitude below −15 ◦C, and about 2 orders of magnitude at
warmer temperatures (> −12 ◦C). Among the 17 PM10 samples at CVAO, three
PM10 filters showed elevated INP number concentration at warm temperatures.
These highly ice active INPs were most likely biological particles because the elevated
INP number concentration at the warm temperatures were significant reduced after
heating samples at 95 ◦C for 1 hour.
INP number concentration in PM1 were generally lower than those in PM10 at
CVAO. About 83±22%, 67±18% and 77±14% (median±standard deviation) of INPs
had a diameter >1 µm at ice nucleation temperatures of −12, −15, and −18 ◦C,
respectively. PM1 at CVAO did not show such elevated INP number concentration
at warm temperatures. Consequently, the difference in INP number concentration
between PM1 and PM10 at CVAO suggests that biological ice active particles were
present in the super-micron size range.
INP number concentration in PM10 at CVAO was found to be similar to that on MV
during non-cloud events. During cloud events, most INPs on MV were activated to
cloud droplets. When highly ice active particles were present in PM10 filters at CVAO,
they were not observed in PM10 filters on MV, but in cloud water samples, instead.
This is direct evidence that these INPs which are likely biological are activated to
cloud droplets during cloud events.
For the observed air masses, INP number concentration in air fit well to the con-
centrations observed in cloud water. When comparing atmospheric concentrations
of INPs to those found in seawater samples, it can be concluded that sea spray
aerosol only contributed a minor fraction to the atmospheric INP population at
Cabo Verde. This latter conclusion still holds when accounting for an enrichment of
129
organic carbon in super-micron particles during sea spray generation as reported in
literature.
The data and knowledge concerning CCN and INPs gained in this thesis will help to
better understand the interactions between aerosol particles and clouds and represent
highly valuable information for evaluating, driving and constraining atmospheric
model simulations.
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5Outlook
In recent years, considerable progress has been made in understanding the chemical
composition of aerosols, their microphysical properties, and the factors that enable
them to act as CCN and INPs. However, our understanding of CCN and INP on
a global level is still limited. Here I point out some aspects towards future work
concerning CCN and INP studies, respectively.
For CCN studies Quantification of the global budget of CCN is an essential step
towards a complete understanding of global clouds and climate. Up to date, large
uncertainties still exist for quantitative assessment of CCN sources, especially the
contribution of CCN from the submicron part of marine particles and anthropogenic
particles. Quantifying the CCN population in remote area, such as in the Southern
Ocean, can help us understand the baseline of atmospheric CCN concentrations.
Furthermore, many CCN measurements are made in short campaigns of typically a
month duration [89, 72, 73, 90]. Short-term measurements are not representative
because the real world has large spatial heterogeneity and temporal variability. It
has therefore been recommended, that long-term measurement should be performed
for a better constraint of modeling efforts [91].
For INP studies
1. During the campaign in Cyprus, we found that INP concentrations might not
be influenced directly by urban pollution, at least not down to roughly −25 ◦C.
This is consistent to previous study by Chen et al. [45] in Beijing. The urban
pollution is one of the most important particle sources in most developing
countries. It is worth to investigate the ice nucleating ability of anthropogenic
aerosol particles in the colder temperature range below −25 ◦C.
2. SSA particles are relatively inefficient as INPs compared to mineral dust and
biological particles. However, due to the vast coverage of the Earth’s sur-
face by oceans, it is necessary to clarify the quantity and role of SSA and
marine organic particles to INPs. A target campaign should focus on identi-
fying sources of marine INPs, particularly in regions lacking a strong influ-
ence from dust, e.g. the South Ocean. Such a campaign should combine
ship-based and, ideally, airborne measurements of air, seawater and cloud
water, using recent state-of-the art instruments to measure INP concentra-
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tions and composition. Such examinations already have started to be under
way (e.g. SOCRATES, https://www.eol.ucar.edu/content/socrates-project-
overview), and results from this and further alike campaigns will be highly
valuable.
3. Previous studies found an enrichment of organic carbon in submicron sea spray
particles of about 104 to 105 in mass [92, 76], and this value decreased to
102 for super-micron particles [92, 27]. It is not clear if INPs are included in
the organic carbon in which the enrichment was observed. A targeted field
campaign in the clean marine environment (e.g. in the Southern Ocean) or
laboratory study (e.g. bring the ocean water into the tank) will be necessary
to understand the INPs production mechanism and quantify the abundance of
SSA INPs.
4. To establish robust empirical correlations between ice nucleating properties
and physical characteristics (number concentration, size distribution, surface
area) of atmospheric aerosol has been a challenge for decades. If the correla-
tion was found, it might allow us to predict INPs from aerosol data. However,
parametrizations [93, 94] based on particle number concentration in the size
range >500 nm were found to overestimate INP number concentartion by
about 1 to 2 orders of magnitude at Cyprus. Parametrizations [19, 31, 95,
37] based on particle surface area was not representative for Cabo Verde.
These comparisons to literature raise the question if and how particle num-
ber concentration and particle surface area should be used to parameterize
atmospheric INP measurements. In general, it is still an open issue to which
extent INP number concentration can be parameterized, based on one or a
few parameters, to reliably describe INP number concentration for different
locations around the globe.
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